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Sundaram: Bottom Block For Direct Chill Casting

BOTTOM BLOCK FOR DIRECT CHILL CASTING
Direct chill casting is a process of depositing molten metal in a mold to create a metal
ingot. The mold can include a bottom block mounted on a telescoping hydraulic table to form a
false bottom. The bottom block can be positioned at or near the bottom of the mold prior to the
molten metal being deposited into the mold. As molten metal is deposited into the mold, the
molten metal can fill the mold cavity, and the outer and lower portions of the mold can be
cooled. The molten metal can cool and begin to solidify, forming a shell of solid or semi-solid
metal around a liquid or partially liquid core, referred to as a sump. The bottom block is lowered,
and additional molten metal may be fed into the mold cavity. As the bottom block is lowered and
the ingot emerges from the mold, the solid ingot is cooled. Typically, water or other coolant is
applied directly from the mold to the solid surface of the ingot.
The bottom block (also referred to as a starting head) is conventionally composed of steel
or an aluminum alloy, but conventional materials may not be well-equipped to handle the
stresses associated with direct chill casting. During typical direct chill casting processes, the
subsurface of the bottom block center may reach temperatures as high as 410 °C or greater. The
bottom block is cooled with the ingot produced by the direct chill casting, and the bottom block
is typically stored at room temperature. Thus, the bottom block experiences cyclic heating and
cooling, causing a great degree of stress on the bottom block.
Furthermore, the bottom block is subjected to mechanical stress from the cast ingot itself.
In some cases, the solidifying ingot curls, allowing the cooling water applied to the ingot surface
to flow between the ingot and the bottom block. This water then pushes the ingot up, causing the
ingot to bounce on the bottom block. This phenomenon of ingot bounce acts as another source of
stress to deform the bottom block and reduce the life span.
In some cases, mechanical stress, e.g., from ingot bounce, deforms the lips on the rolling
face and pushes out the lip material. This results in permanent deformation of the bottom block,
which then disrupts the engagement of the bottom block with other components of direct chill
casting systems. In some instances, the bottom block may be repaired by operators, e.g., by
hammering or otherwise manipulating the bottom block. In some instances, however, the damage
to the bottom block is irreparable, and the bottom block must be taken out of operation. This is
an example of the risks associated stress to which a bottom block is exposed.
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In some cases, thermal and mechanical stress can facilitate or further the formation of
cracks in the bottom block. For example, drain holes may be made in the bottom block (e.g.,
during fabrication) to drain water that may be trapped between the ingot and the bottom block
during use. These drain holes may be particularly susceptible to cracks. Cracks permanently
deform the bottom block. In some instances, the cracks may be so severe that the bottom block
must be taken out of service. This is a further example of the risks associated stress to which a
bottom block is exposed.
The combination of thermal and mechanical stress cycles can greatly damage the bottom
block. For example, these stresses may induce toe-in, heaving, and/or cracking and, in all, greatly
reduce the life span of the bottom block.
New alloy compositions, which may be used to form a bottom block for use in direct chill
casting, are provided. In particular, new aluminum alloy system for use in forming bottom blocks
are provided. As discussed in further detail below, the novel alloy compositions can beneficially
withstand the stresses to which a typical bottom block is exposed, e.g., thermal and/or
mechanical stress (e.g., creep and/or thermomechanical fatigue). Direct chill casting systems,
which utilize bottom blocks formed from the alloy compositions described herein, are also
disclosed.
The new alloy compositions exhibit good resistance to thermal stress (e.g., temperature
cycling between room temperature and elevated temperatures) and mechanical stress. The alloy
compositions also exhibit high plasticity, high ductility, and high strength (e.g., at high
temperatures). In addition, the alloy compositions exhibit good thermomechanical behavior as
well as resistance to high fatigue cycles and high creep. These properties make the alloy
composition resistant to stresses and failures commonly associated with bottom blocks (e.g.,
mechanical stress due to ingot bounce and/or the formation of cracks at drain holes).
Metal
As noted, alloy compositions are described herein. In some cases, the primary metal of
the alloy composition is aluminum. Said another way, the alloy compositions may comprise
alloying elements (as described in detail below) with the remainder as aluminum. Suitable
aluminum alloys include, for example, 1xxx series aluminum alloys, 2xxx series aluminum
alloys, 3xxx series aluminum alloys, 4xxx series aluminum alloys, 5xxx series aluminum alloys,
6xxx series aluminum alloys, 7xxx series aluminum alloys, and 8xxx series aluminum alloys.
2
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By way of example, exemplary 1xxx series aluminum alloys for use in the alloy
composition can include AA1100, AA1100A, AA1200, AA1200A, AA1300, AA1110, AA1120,
AA1230, AA1230A, AA1235, AA1435, AA1145, AA1345, AA1445, AA1150, AA1350,
AA1350A, AA1450, AA1370, AA1275, AA1185, AA1285, AA1385, AA1188, AA1190,
AA1290, AA1193, AA1198, or AA1199. In some cases, the aluminum alloy is at least 99.9 %
pure aluminum (e.g., at least 99.91 %, at least 99.92 %, at least 99.93 %, at least 99.94 %, at least
99.95 %, at least 99.96 %, at least 99.97 %, at least 99.98 %, or at least 99.99 % pure aluminum).
Exemplary 2xxx series aluminum alloys for use in the alloy composition can include
AA2001, AA2002, AA2004, AA2005, AA2006, AA2007, AA2007A, AA2007B, AA2008,
AA2009, AA2010, AA2011, AA2011A, AA2111, AA2111A, AA2111B, AA2012, AA2013,
AA2014, AA2014A, AA2214, AA2015, AA2016, AA2017, AA2017A, AA2117, AA2018,
AA2218, AA2618, AA2618A, AA2219, AA2319, AA2419, AA2519, AA2021, AA2022,
AA2023, AA2024, AA2024A, AA2124, AA2224, AA2224A, AA2324, AA2424, AA2524,
AA2624, AA2724, AA2824, AA2025, AA2026, AA2027, AA2028, AA2028A, AA2028B,
AA2028C, AA2029, AA2030, AA2031, AA2032, AA2034, AA2036, AA2037, AA2038,
AA2039, AA2139, AA2040, AA2041, AA2044, AA2045, AA2050, AA2055, AA2056,
AA2060, AA2065, AA2070, AA2076, AA2090, AA2091, AA2094, AA2095, AA2195,
AA2295, AA2196, AA2296, AA2097, AA2197, AA2297, AA2397, AA2098, AA2198,
AA2099, or AA2199.
Exemplary 3xxx series aluminum alloys for use in the alloy composition can include
AA3002, AA3102, AA3003, AA3103, AA3103A, AA3103B, AA3203, AA3403, AA3004,
AA3004A, AA3104, AA3204, AA3304, AA3005, AA3005A, AA3105, AA3105A, AA3105B,
AA3007, AA3107, AA3207, AA3207A, AA3307, AA3009, AA3010, AA3110, AA3011,
AA3012, AA3012A, AA3013, AA3014, AA3015, AA3016, AA3017, AA3019, AA3020,
AA3021, AA3025, AA3026, AA3030, AA3130, or AA3065.
Exemplary 4xxx series aluminum alloys for use in the alloy composition can include
AA4004, AA4104, AA4006, AA4007, AA4008, AA4009, AA4010, AA4013, AA4014,
AA4015, AA4015A, AA4115, AA4016, AA4017, AA4018, AA4019, AA4020, AA4021,
AA4026, AA4032, AA4043, AA4043A, AA4143, AA4343, AA4643, AA4943, AA4044,
AA4045, AA4145, AA4145A, AA4046, AA4047, AA4047A, or AA4147.
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Exemplary 5xxx series aluminum alloys for use in the alloy composition can include
AA5182, AA5183, AA5005, AA5005A, AA5205, AA5305, AA5505, AA5605, AA5006,
AA5106, AA5010, AA5110, AA5110A, AA5210, AA5310, AA5016, AA5017, AA5018,
AA5018A, AA5019, AA5019A, AA5119, AA5119A, AA5021, AA5022, AA5023, AA5024,
AA5026, AA5027, AA5028, AA5040, AA5140, AA5041, AA5042, AA5043, AA5049,
AA5149, AA5249, AA5349, AA5449, AA5449A, AA5050, AA5050A, AA5050C, AA5150,
AA5051, AA5051A, AA5151, AA5251, AA5251A, AA5351, AA5451, AA5052, AA5252,
AA5352, AA5154, AA5154A, AA5154B, AA5154C, AA5254, AA5354, AA5454, AA5554,
AA5654, AA5654A, AA5754, AA5854, AA5954, AA5056, AA5356, AA5356A, AA5456,
AA5456A, AA5456B, AA5556, AA5556A, AA5556B, AA5556C, AA5257, AA5457, AA5557,
AA5657, AA5058, AA5059, AA5070, AA5180, AA5180A, AA5082, AA5182, AA5083,
AA5183, AA5183A, AA5283, AA5283A, AA5283B, AA5383, AA5483, AA5086, AA5186,
AA5087, AA5187, or AA5088.
Exemplary 6xxx series aluminum alloys for use in the alloy composition can include
AA6101, AA6101A, AA6101B, AA6201, AA6201A, AA6401, AA6501, AA6002, AA6003,
AA6103, AA6005, AA6005A, AA6005B, AA6005C, AA6105, AA6205, AA6305, AA6006,
AA6106, AA6206, AA6306, AA6008, AA6009, AA6010, AA6110, AA6110A, AA6011,
AA6111, AA6012, AA6012A, AA6013, AA6113, AA6014, AA6015, AA6016, AA6016A,
AA6116, AA6018, AA6019, AA6020, AA6021, AA6022, AA6023, AA6024, AA6025,
AA6026, AA6027, AA6028, AA6031, AA6032, AA6033, AA6040, AA6041, AA6042,
AA6043, AA6151, AA6351, AA6351A, AA6451, AA6951, AA6053, AA6055, AA6056,
AA6156, AA6060, AA6160, AA6260, AA6360, AA6460, AA6460B, AA6560, AA6660,
AA6061, AA6061A, AA6261, AA6361, AA6162, AA6262, AA6262A, AA6063, AA6063A,
AA6463, AA6463A, AA6763, A6963, AA6064, AA6064A, AA6065, AA6066, AA6068,
AA6069, AA6070, AA6081, AA6181, AA6181A, AA6082, AA6082A, AA6182, AA6091, or
AA6092.
Exemplary 7xxx series aluminum alloys for use in the alloy composition can include
AA7011, AA7019, AA7020, AA7021, AA7039, AA7072, AA7075, AA7085, AA7108,
AA7108A, AA7015, AA7017, AA7018, AA7019A, AA7024, AA7025, AA7028, AA7030,
AA7031, AA7033, AA7035, AA7035A, AA7046, AA7046A, AA7003, AA7004, AA7005,
AA7009, AA7010, AA7011, AA7012, AA7014, AA7016, AA7116, AA7122, AA7023,
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AA7026, AA7029, AA7129, AA7229, AA7032, AA7033, AA7034, AA7036, AA7136,
AA7037, AA7040, AA7140, AA7041, AA7049, AA7049A, AA7149, AA7204, AA7249,
AA7349, AA7449, AA7050, AA7050A, AA7150, AA7250, AA7055, AA7155, AA7255,
AA7056, AA7060, AA7064, AA7065, AA7068, AA7168, AA7175, AA7475, AA7076,
AA7178, AA7278, AA7278A, AA7081, AA7181, AA7185, AA7090, AA7093, AA7095, or
AA7099.
Exemplary 8xxx series aluminum alloys for use in the alloy composition can include
AA8005, AA8006, AA8007, AA8008, AA8010, AA8011, AA8011A, AA8111, AA8211,
AA8112, AA8014, AA8015, AA8016, AA8017, AA8018, AA8019, AA8021, AA8021A,
AA8021B, AA8022, AA8023, AA8024, AA8025, AA8026, AA8030, AA8130, AA8040,
AA8050, AA8150, AA8076, AA8076A, AA8176, AA8077, AA8177, AA8079, AA8090,
AA8091, or AA8093.
In some embodiments, recycled scrap metal may be used in the alloy composition. By
using recycled scrap metal, the alloy composition may be more cost efficient and may consume
less energy. In some cases, this recycled scrap metal may comprise aluminum (e.g., an aluminum
alloy as described above) and one or more impurity elements. For example, the scrap metal may
have a relatively high iron content. The iron content of the recycled scrap metal produces more
intermetallic particle, which beneficially increases the strength of the alloy composition at high
temperatures. At above certain iron contents, iron may also non-beneficially reduce the plasticity
and/or ductility of the alloy composition, resulting in a bottom block susceptible to cracking.
Alloying Elements
In addition to the primary metal, the alloy compositions (e.g., aluminum alloy
compositions) may comprise one or more alloying elements. In particular, the alloy compositions
of the present disclosure may comprise a slow diffusing alloying element, a peritectic alloying
element, a eutectic alloying element, an oxidation resistant alloying element, and/or
combinations thereof.
In some embodiments, slow diffusing alloying elements are included in the alloy
composition to provide strength and ductility/plasticity at both room temperature and elevated
temperatures. In conventional alloys, one or more elements may be utilized for their contribution
to precipitation hardening (also known as “age hardening” or “particle hardening”). Precipitation
hardening is a heat treatment technique used to increase the yield strength of the alloy.
5
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Precipitation hardening can produce fine particles (also known as “dispersoids” or “precipitates”)
embedded in the metallic matrix. Because these embedded particles impede or prevent
dislocation motion within the metallic matrix, the particles harden the alloy. At elevated
temperatures, however, the embedded particles diffuse due to particle coarsening (also known as
Otswald ripening), causing the alloy to weaken. Conventional precipitation-hardened alloys lose
strength at temperatures above about 250-300 °C due to particle coarsening. As noted above,
however, the subsurface of the bottom block center may reach temperatures as high as 410 °C or
greater during direct chill casting. This is well above the temperatures at which particle
coarsening is typically seen. Therefore, it is desirable to form bottom blocks from alloy
compositions comprising a slow diffusing alloying element, which may not exhibit particle
coarsening at elevated temperatures.
Any slow diffusing alloying element known in the art may be used in the alloy
composition. In some embodiments, the slow diffusing alloying element is cerium, niobium,
vanadium, lanthanum, neodymium, samarium, talcum, zirconium, scandium, molybdenum,
hafnium, erbium, or yttrium. In some embodiments, the slow diffusing alloying element
comprises a combination of two or more of these elements.
In some embodiments, the alloy composition comprises fine particles (dispersoids or
precipitates), which comprise at least one slow diffusing alloying element. In some cases, for
example, the fine particles comprise zirconium (e.g., as Al3Zr) or scandium (e.g., as Al3Sc). The
presence of such fine particles may slow particle coarsening and thereby improve the strength
and ductility of the alloy composition. In particular, the fine particles may improve strength and
ductility at elevated temperatures, at which the particles may be stable.
In some cases, the fine particles of the alloy composition may be shearable and/or unshearable. For example, the alloy composition may comprise (a plurality of) shearable particles
as well as (a pluralirty of) un-shearable particles. The shearable particles increase the strength of
the alloy composition, while the un-shearable particles increase the ductility. The alloy
compositions and the heat treatment processes described herein have been developed to provide
both shearable and non-shearable particles.
In some aspects, the fine particles (dispersoids or precipitates) may act as a nucleation
site for the low temperature precipitates to form.
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In some aspects, the presence of slow diffusing alloying element (e.g., the fine particles
formed thereof) in the alloy composition increases the strain hardening rate of the composition
under tensile load and thereby increases ductility and toughness.
In some embodiments, the alloy composition comprises from 10 ppm to 0.5 wt. % of a
slow diffusing alloying element, e.g., from 10 ppm to 0.45 wt. %, from 10 ppm to 0.4 wt. %,
from 10 ppm to 0.35 wt. %, from 10 ppm to 0.3 wt. %, from 10 ppm to 0.25 wt. %, from 10 ppm
to 0.2 wt. %, from 20 ppm to 0.5 wt. %, from 20 ppm to 0.45 wt. %, from 20 ppm to 0.4 wt. %,
from 20 ppm to 0.35 wt. %, from 20 ppm to 0.3 wt. %, from 20 ppm to 0.25 wt. %, from 20 ppm
to 0.2 wt. %, from 30 ppm to 0.5 wt. %, from 30 ppm to 0.45 wt. %, from 30 ppm to 0.4 wt. %,
from 30 ppm to 0.35 wt. %, from 30 ppm to 0.3 wt. %, from 30 ppm to 0.25 wt. %, from 30 ppm
to 0.2 wt. %, from 40 ppm to 0.5 wt. %, from 40 ppm to 0.45 wt. %, from 40 ppm to 0.4 wt. %,
from 40 ppm to 0.35 wt. %, from 40 ppm to 0.3 wt. %, from 40 ppm to 0.25 wt. %, from 40 ppm
to 0.2 wt. %, from 50 ppm to 0.5 wt. %, from 50 ppm to 0.45 wt. %, from 50 ppm to 0.4 wt. %,
from 50 ppm to 0.35 wt. %, from 50 ppm to 0.3 wt. %, from 50 ppm to 0.25 wt. %, from 50 ppm
to 0.2 wt. %, from 60 ppm to 0.5 wt. %, from 60 ppm to 0.45 wt. %, from 60 ppm to 0.4 wt. %,
from 60 ppm to 0.35 wt. %, from 60 ppm to 0.3 wt. %, from 60 ppm to 0.25 wt. %, from 60 ppm
to 0.2 wt. %, from 70 ppm to 0.5 wt. %, from 70 ppm to 0.45 wt. %, from 70 ppm to 0.4 wt. %,
from 70 ppm to 0.35 wt. %, from 70 ppm to 0.3 wt. %, from 70 ppm to 0.25 wt. %, from 70 ppm
to 0.2 wt. %, from 80 ppm to 0.5 wt. %, from 80 ppm to 0.45 wt. %, from 80 ppm to 0.4 wt. %,
from 80 ppm to 0.35 wt. %, from 80 ppm to 0.3 wt. %, from 80 ppm to 0.25 wt. %, from 80 ppm
to 0.2 wt. %, from 90 ppm to 0.5 wt. %, from 90 ppm to 0.45 wt. %, from 90 ppm to 0.4 wt. %,
from 90 ppm to 0.35 wt. %, from 90 ppm to 0.3 wt. %, from 90 ppm to 0.25 wt. %, from 90 ppm
to 0.2 wt. %, from 100 ppm to 0.5 wt. %, from 100 ppm to 0.45 wt. %, from 100 ppm to 0.4 wt.
%, from 100 ppm to 0.35 wt. %, from 100 ppm to 0.3 wt. %, from 100 ppm to 0.25 wt. %, or
from 100 ppm to 0.2 wt. %.
In terms of lower limits, the alloy composition may comprise greater than 10 ppm of a
slow diffusing alloying element, e.g., greater than 20 ppm, greater than 30 ppm, greater than 40
ppm, greater than 50 ppm, greater than 60 ppm, greater than 70 ppm, greater than 80 ppm,
greater than 90 ppm, or greater than 100 ppm. In terms of upper limits, the alloy composition
may comprise less than 0.5 wt. % of the slow diffusing alloying element, e.g., less than 0.45 wt.
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%, less than 0.4 wt. %, less than 0.35 wt. %, less than 0.3 wt. %, less than 0.25 wt. %, or less
than 0.2 wt. %.
In some embodiments, peritectic alloying elements, slow diffusing alloying elements
and/or eutectic alloying elements are included in the alloy composition to provide further
strength, ductility, and/or plasticity. These alloying elements may be used in the alloy
composition to modify the lattice structure of the metallic matrix. In particular, these alloying
elements may contribute to lattice misfit between the metallic matrix and an alloying element
(e.g., the slow diffusing alloying element). Increased lattice misfit impedes or prevents
dislocation motion within the metallic matrix, thereby hardening the alloy. Lattice misfit between
the metallic matrix and fine particles (e.g., alloying elements, dispersoids, precipitates, or
reinforcement particles) impedes or prevents dislocation motion, thereby improving the elevated
mechanical property. Therefore, it is desirable to manipulate the lattice structure in the metallic
matrix by adding peritectic alloying elements and/or eutectic alloying elements.
Any peritectic alloying element known in the art may be used in the alloy composition.
The propensity of an element to form a peritectic transformation will vary with the metal. Said
another way, the peritectic alloying element utilized in the alloy composition may depend on the
metal used in the alloy composition. In some embodiments, the peritectic alloying element
comprises zirconium, molybdenum, hafnium, niobium, vanadium, talcum, chromium, or
titanium. In some cases, the peritectic alloying element comprises chromium or titanium. In
some embodiments, the alloy composition comprises aluminum (e.g., an aluminum alloy), and
the peritectic alloying element is chromium or zirconium. In some embodiments, the peritectic
alloying element comprises a combination of two or more of these elements.
In some embodiments, the alloy composition comprises fine particles (dispersoids or
precipitates), which comprise at least one peritectic alloying element. In some cases, for
example, the fine particles comprise chromium or titanium. As explained above, the fine
particles may slow particle coarsening and thereby improve the strength and ductility of the alloy
composition.
In some embodiments, the alloy composition comprises from 1 ppm to 2 wt. % of a
peritectic alloying element, e.g., from 1 ppm to 1.9 wt. %, from 1 ppm to 1.8 wt. %, from 1 ppm
to 1.7 wt. %, from 1 ppm to 1.6 wt. %, from 1 ppm to 1.5 wt. %, from 1 ppm to 1.4 wt. %, from
2 ppm to 2 wt. %, from 2 ppm to 1.9 wt. %, from 2 ppm to 1.8 wt. %, from 2 ppm to 1.7 wt. %,
8
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from 2 ppm to 1.6 wt. %, from 2 ppm to 1.5 wt. %, from 2 ppm to 1.4 wt. %, from 3 ppm to 2 wt.
%, from 3 ppm to 1.9 wt. %, from 3 ppm to 1.8 wt. %, from 3 ppm to 1.7 wt. %, from 3 ppm to
1.6 wt. %, from 3 ppm to 1.5 wt. %, from 3 ppm to 1.4 wt. %, from 4 ppm to 2 wt. %, from 4
ppm to 1.9 wt. %, from 4 ppm to 1.8 wt. %, from 4 ppm to 1.7 wt. %, from 4 ppm to 1.6 wt. %,
from 4 ppm to 1.5 wt. %, from 4 ppm to 1.4 wt. %, from 5 ppm to 2 wt. %, from 5 ppm to 1.9 wt.
%, from 5 ppm to 1.8 wt. %, from 5 ppm to 1.7 wt. %, from 5 ppm to 1.6 wt. %, from 5 ppm to
1.5 wt. %, from 5 ppm to 1.4 wt. %, from 6 ppm to 2 wt. %, from 6 ppm to 1.9 wt. %, from 6
ppm to 1.8 wt. %, from 6 ppm to 1.7 wt. %, from 6 ppm to 1.6 wt. %, from 6 ppm to 1.5 wt. %,
from 6 ppm to 1.4 wt. %, from 7 ppm to 2 wt. %, from 7 ppm to 1.9 wt. %, from 7 ppm to 1.8 wt.
%, from 7 ppm to 1.7 wt. %, from 7 ppm to 1.6 wt. %, from 7 ppm to 1.5 wt. %, from 7 ppm to
1.4 wt. %, from 8 ppm to 2 wt. %, from 8 ppm to 1.9 wt. %, from 8 ppm to 1.8 wt. %, from 8
ppm to 1.7 wt. %, from 8 ppm to 1.6 wt. %, from 8 ppm to 1.5 wt. %, from 8 ppm to 1.4 wt. %,
from 9 ppm to 2 wt. %, from 9 ppm to 1.9 wt. %, from 9 ppm to 1.8 wt. %, from 9 ppm to 1.7 wt.
%, from 9 ppm to 1.6 wt. %, from 9 ppm to 1.5 wt. %, from 9 ppm to 1.4 wt. %, from 10 ppm to
2 wt. %, from 10 ppm to 1.9 wt. %, from 10 ppm to 1.8 wt. %, from 10 ppm to 1.7 wt. %, from
10 ppm to 1.6 wt. %, from 10 ppm to 1.5 wt. %, or from 10 ppm to 1.4 wt. %..
In some embodiments, the alloy composition comprises from 10 ppm to 0.5 wt. % of the
peritectic alloying element, e.g., from 10 ppm to 0.45 wt. %, from 10 ppm to 0.4 wt. %, from 10
ppm to 0.35 wt. %, from 10 ppm to 0.3 wt. %, from 10 ppm to 0.25 wt. %, from 10 ppm to 0.2
wt. %, from 20 ppm to 0.5 wt. %, from 20 ppm to 0.45 wt. %, from 20 ppm to 0.4 wt. %, from
20 ppm to 0.35 wt. %, from 20 ppm to 0.3 wt. %, from 20 ppm to 0.25 wt. %, from 20 ppm to
0.2 wt. %, from 30 ppm to 0.5 wt. %, from 30 ppm to 0.45 wt. %, from 30 ppm to 0.4 wt. %,
from 30 ppm to 0.35 wt. %, from 30 ppm to 0.3 wt. %, from 30 ppm to 0.25 wt. %, from 30 ppm
to 0.2 wt. %, from 40 ppm to 0.5 wt. %, from 40 ppm to 0.45 wt. %, from 40 ppm to 0.4 wt. %,
from 40 ppm to 0.35 wt. %, from 40 ppm to 0.3 wt. %, from 40 ppm to 0.25 wt. %, from 40 ppm
to 0.2 wt. %, from 50 ppm to 0.5 wt. %, from 50 ppm to 0.45 wt. %, from 50 ppm to 0.4 wt. %,
from 50 ppm to 0.35 wt. %, from 50 ppm to 0.3 wt. %, from 50 ppm to 0.25 wt. %, from 50 ppm
to 0.2 wt. %, from 60 ppm to 0.5 wt. %, from 60 ppm to 0.45 wt. %, from 60 ppm to 0.4 wt. %,
from 60 ppm to 0.35 wt. %, from 60 ppm to 0.3 wt. %, from 60 ppm to 0.25 wt. %, from 60 ppm
to 0.2 wt. %, from 70 ppm to 0.5 wt. %, from 70 ppm to 0.45 wt. %, from 70 ppm to 0.4 wt. %,
from 70 ppm to 0.35 wt. %, from 70 ppm to 0.3 wt. %, from 70 ppm to 0.25 wt. %, from 70 ppm
9
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to 0.2 wt. %, from 80 ppm to 0.5 wt. %, from 80 ppm to 0.45 wt. %, from 80 ppm to 0.4 wt. %,
from 80 ppm to 0.35 wt. %, from 80 ppm to 0.3 wt. %, from 80 ppm to 0.25 wt. %, from 80 ppm
to 0.2 wt. %, from 90 ppm to 0.5 wt. %, from 90 ppm to 0.45 wt. %, from 90 ppm to 0.4 wt. %,
from 90 ppm to 0.35 wt. %, from 90 ppm to 0.3 wt. %, from 90 ppm to 0.25 wt. %, from 90 ppm
to 0.2 wt. %, from 100 ppm to 0.5 wt. %, from 100 ppm to 0.45 wt. %, from 100 ppm to 0.4 wt.
%, from 100 ppm to 0.35 wt. %, from 100 ppm to 0.3 wt. %, from 100 ppm to 0.25 wt. %, or
from 100 ppm to 0.2 wt. %.
In terms of lower limits, the alloy composition may comprise greater than 1 ppm of a
peritectic alloying element, e.g., greater than 2 ppm, greater than 3 ppm, greater than 4 ppm,
greater than 5 ppm, greater than 6 ppm, greater than 7 ppm, greater than 8 ppm, greater than 9
ppm, or greater than 10 ppm. In terms of upper limits, the alloy composition may comprise less
than 2 wt. % of the peritectic alloying element, e.g., less than 1.9 wt. %, less than 1.8 wt. %, less
than 1.7 wt. %, less than 1.6 wt. %, less than 1.5 wt. %, or less than 1.4 wt. %. In some cases, the
alloy composition comprises less than 0.5 wt. % of the peritectic alloying element, e.g., less than
0.45 wt. %, less than 0.4 wt. %, less than 0.35 wt. %, less than 0.3 wt. %, less than 0.25 wt. %, or
less than 0.2 wt. %.
Any eutectic alloying element known in the art may be used in the alloy composition.
The propensity of an element to form a eutectic transformation will vary with the metal. Said
another way, the eutectic alloying element utilized in the alloy composition may depend on the
metal used in the alloy composition. In some embodiments, the eutectic alloying elements
comprises iron, nickel, silicon, copper, manganese, cerium, lanthanum, neodymium, samarium,
yttrium, erbium, scandium, magnesium, zinc, lithium, or silver. In some embodiments, the alloy
composition comprises aluminum (e.g., an aluminum alloy), and the eutectic alloying element is
nickel or silicon. In some embodiments, the alloy composition comprises aluminum (e.g., an
aluminum alloy), and the eutectic alloying element is lithium or zinc. In some embodiments, the
eutectic alloying element comprises a combination of two or more of these elements.
In some embodiments, the alloy composition comprises from 1 ppm to 5 wt. % of a
eutectic alloying element, e.g., from 1 ppm to 4.9 wt. %, from 1 ppm to 4.8 wt. %, from 1 ppm to
4.7 wt. %, from 1 ppm to 4.6 wt. %, from 1 ppm to 4.5 wt. %, from 1 ppm to 4.4 wt. %, from 2
ppm to 5 wt. %, from 2 ppm to 4.9 wt. %, from 2 ppm to 4.8 wt. %, from 2 ppm to 4.7 wt. %,
from 2 ppm to 4.6 wt. %, from 2 ppm to 4.5 wt. %, from 2 ppm to 4.4 wt. %, from 3 ppm to 5 wt.
10
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%, from 3 ppm to 4.9 wt. %, from 3 ppm to 4.8 wt. %, from 3 ppm to 4.7 wt. %, from 3 ppm to
4.6 wt. %, from 3 ppm to 4.5 wt. %, from 3 ppm to 4.4 wt. %, from 4 ppm to 5 wt. %, from 4
ppm to 4.9 wt. %, from 4 ppm to 4.8 wt. %, from 4 ppm to 4.7 wt. %, from 4 ppm to 4.6 wt. %,
from 4 ppm to 4.5 wt. %, from 4 ppm to 4.4 wt. %, from 5 ppm to 5 wt. %, from 5 ppm to 4.9 wt.
%, from 5 ppm to 4.8 wt. %, from 5 ppm to 4.7 wt. %, from 5 ppm to 4.6 wt. %, from 5 ppm to
4.5 wt. %, from 5 ppm to 4.4 wt. %, from 6 ppm to 5 wt. %, from 6 ppm to 4.9 wt. %, from 6
ppm to 4.8 wt. %, from 6 ppm to 4.7 wt. %, from 6 ppm to 4.6 wt. %, from 6 ppm to 4.5 wt. %,
from 6 ppm to 4.4 wt. %, from 7 ppm to 5 wt. %, from 7 ppm to 4.9 wt. %, from 7 ppm to 4.8 wt.
%, from 7 ppm to 4.7 wt. %, from 7 ppm to 4.6 wt. %, from 7 ppm to 4.5 wt. %, from 7 ppm to
4.4 wt. %, from 8 ppm to 5 wt. %, from 8 ppm to 4.9 wt. %, from 8 ppm to 4.8 wt. %, from 8
ppm to 4.7 wt. %, from 8 ppm to 4.6 wt. %, from 8 ppm to 4.5 wt. %, from 8 ppm to 4.4 wt. %,
from 9 ppm to 5 wt. %, from 9 ppm to 4.9 wt. %, from 9 ppm to 4.8 wt. %, from 9 ppm to 4.7 wt.
%, from 9 ppm to 4.6 wt. %, from 9 ppm to 4.5 wt. %, from 9 ppm to 4.4 wt. %, from 10 ppm to
5 wt. %, from 10 ppm to 4.9 wt. %, from 10 ppm to 4.8 wt. %, from 10 ppm to 4.7 wt. %, from
10 ppm to 4.6 wt. %, from 10 ppm to 4.5 wt. %, or from 10 ppm to 4.4 wt. %.
In terms of lower limits, the alloy composition may comprise greater than 1 ppm of a
eutectic alloying element, e.g., greater than 2 ppm, greater than 3 ppm, greater than 4 ppm,
greater than 5 ppm, greater than 6 ppm, greater than 7 ppm, greater than 8 ppm, greater than 9
ppm, or greater than 10 ppm. In terms of upper limits, the alloy composition may comprise less
than 5 wt. %, e.g., less than 4.9 wt. %, less than 4.8 wt. %, less than 4.7 wt. %, less than 4.6 wt.
%, less than 4.5 wt. %, or less than 4.4 wt. %.
In some embodiments, an oxidation resistant alloying element is included in the alloy
composition to increase oxidation resistance. Any oxidation resistant alloying element known in
the art may be used in the alloy composition. In some embodiments, the oxidation resistant
alloying element comprises beryllium, calcium, or strontium. In some embodiments, the
oxidation resistant alloying element comprises a combination of two or more of these elements.
In some embodiments, the alloy composition comprises from 1 ppm to 0.5 wt. % of a
oxidation resistant alloying element, e.g., from 1 ppm to 0.45 wt. %, from 1 ppm to 0.4 wt. %,
from 1 ppm to 0.35 wt. %, from 1 ppm to 0.3 wt. %, from 1 ppm to 0.25 wt. %, from 1 ppm to
0.2 wt. %, from 2 ppm to 0.5 wt. %, from 2 ppm to 0.45 wt. %, from 2 ppm to 0.4 wt. %, from 2
ppm to 0.35 wt. %, from 2 ppm to 0.3 wt. %, from 2 ppm to 0.25 wt. %, from 2 ppm to 0.2 wt.
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%, from 3 ppm to 0.5 wt. %, from 3 ppm to 0.45 wt. %, from 3 ppm to 0.4 wt. %, from 3 ppm to
0.35 wt. %, from 3 ppm to 0.3 wt. %, from 3 ppm to 0.25 wt. %, from 3 ppm to 0.2 wt. %, from
4 ppm to 0.5 wt. %, from 4 ppm to 0.45 wt. %, from 4 ppm to 0.4 wt. %, from 4 ppm to 0.35 wt.
%, from 4 ppm to 0.3 wt. %, from 4 ppm to 0.25 wt. %, from 4 ppm to 0.2 wt. %, from 5 ppm to
0.5 wt. %, from 5 ppm to 0.45 wt. %, from 5 ppm to 0.4 wt. %, from 5 ppm to 0.35 wt. %, from
5 ppm to 0.3 wt. %, from 5 ppm to 0.25 wt. %, from 5 ppm to 0.2 wt. %, from 6 ppm to 0.5 wt.
%, from 6 ppm to 0.45 wt. %, from 6 ppm to 0.4 wt. %, from 6 ppm to 0.35 wt. %, from 6 ppm
to 0.3 wt. %, from 6 ppm to 0.25 wt. %, from 6 ppm to 0.2 wt. %, from 7 ppm to 0.5 wt. %, from
7 ppm to 0.45 wt. %, from 7 ppm to 0.4 wt. %, from 7 ppm to 0.35 wt. %, from 7 ppm to 0.3 wt.
%, from 7 ppm to 0.25 wt. %, from 7 ppm to 0.2 wt. %, from 8 ppm to 0.5 wt. %, from 8 ppm to
0.45 wt. %, from 8 ppm to 0.4 wt. %, from 8 ppm to 0.35 wt. %, from 8 ppm to 0.3 wt. %, from
8 ppm to 0.25 wt. %, from 8 ppm to 0.2 wt. %, from 9 ppm to 0.5 wt. %, from 9 ppm to 0.45 wt.
%, from 9 ppm to 0.4 wt. %, from 9 ppm to 0.35 wt. %, from 9 ppm to 0.3 wt. %, from 9 ppm to
0.25 wt. %, from 9 ppm to 0.2 wt. %, from 10 ppm to 0.5 wt. %, from 10 ppm to 0.45 wt. %,
from 10 ppm to 0.4 wt. %, from 10 ppm to 0.35 wt. %, from 10 ppm to 0.3 wt. %, from 10 ppm
to 0.25 wt. %, or from 10 ppm to 0.2 wt. %.
In terms of lower limits, the alloy composition may comprise greater than 1 ppm of a
oxidation resistant alloying element, e.g., greater than 2 ppm, greater than 3 ppm, greater than 4
ppm, greater than 5 ppm, greater than 6 ppm, greater than 7 ppm, greater than 8 ppm, greater
than 9 ppm, or greater than 10 ppm. In terms of upper limits, the alloy composition may
comprise less than 0.5 wt. %, e.g., less than 0.45 wt. %, less than 0.4 wt. %, less than 0.35 wt. %,
less than 0.3 wt. %, less than 0.25 wt. %, or less than 0.2 wt. %.
Ceramic Particles
In some embodiments, the alloy compositions comprise a plurality of ceramic particles.
The ceramic particles reinforce the metallic matrix, thereby providing increased strength, e.g., at
elevated temperatures. In particular, the ceramic particles resist dislocation. Lattice misfit
between the metallic matrix and ceramic particles impedes or prevents dislocation motion,
thereby improving the elevated mechanical property. Furthermore, if the ceramic particles are at
grain boundary within the metallic matrix, the ceramic particles effectively pin the grain
boundary sliding at elevated temperature. In addition, the ceramic particles increase the load
bearing capacity of the metallic matrix.
12
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In some cases, the ceramic particles have a relatively low thermal expansion co-efficient,
e.g., as compared to the metal of the alloy composition. In some cases, the ceramic particles
exhibit relatively low heat conductivity, e.g., as compared to the metal of the alloy composition.
In some cases, the ceramic particles have a relatively high melting point higher, e.g., as
compared to the metal of the alloy composition. These qualities of the ceramic particles may
reduce or eliminate the negative effects of thermal cycling (e.g., the negative effects of high
temperatures) on the alloy composition. For example, if the melting point of the ceramic particles
is higher than melting point of the metal, the presence of the ceramic particles within the metallic
matrix may greatly increase the creep resistance and high temperature properties of the alloy
composition. As a result, the presence of the ceramic particles within metallic matrix increases
resistance of the alloy composition to thermomechanical fatigue.
The composition of the ceramic particles is not particular limited. In some embodiments,
the ceramic particles comprise an analog of metal matrix composites (MMCs) and/or in situ
MMCs. In some embodiments, the ceramic particles comprise aluminum diboride, aluminum
oxide, niobium diboride, silicon carbide, silicon nitride, titanium carbide, titanium diboride, or
titanium carbide. In some embodiments, the ceramic particles comprise a combination of these.
In some cases, the plurality of ceramic particles includes a combination of different ceramic
particles. In one embodiment, for example, the alloy composition may comprise one or more
aluminum oxide particles and one or more silicon carbide particles. Other combinations of
ceramic particles are similarly utilized in other embodiments.
The size of the ceramic particles used in the alloy composition may vary. In some cases,
the ceramic particles include “nano” sized particles. In some embodiments, for example, the
plurality of ceramic particles have an average diameter of less than 1 micrometer, e.g., less than
0.95 micrometers, less than 0.9 micrometers, less than 0.85 micrometers, less than 0.8
micrometers, or less than 0.75 micrometers. In terms of lower limits, the plurality of ceramic
particles may have an average diameter greater than 1 nanometer, e.g., greater than 25
nanometers, greater than 50 nanometers, greater than 75 nanometers, greater than 100
nanometers, greater than 125 nanometers, or greater than 150 nanometers. In terms of ranges, the
plurality of ceramic particles may have an average diameter from 1 nanometer to 1 micrometer,
e.g., from 1 nanometer to 0.95 micrometers, from 1 nanometer to 0.9 micrometers, from 1
nanometer to 0.85 micrometers, from 1 nanometer to 0.8 micrometers, from 1 nanometer to 0.75
13
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micrometers, from 25 nanometers to 1 micrometer, from 25 nanometers to 0.95 micrometers,
from 25 nanometers to 0.9 micrometers, from 25 nanometers to 0.85 micrometers, from 25
nanometers to 0.8 micrometers, from 25 nanometers to 0.75 micrometers, from 50 nanometers to
1 micrometer, from 50 nanometers to 0.95 micrometers, from 50 nanometers to 0.9 micrometers,
from 50 nanometers to 0.85 micrometers, from 50 nanometers to 0.8 micrometers, from 50
nanometers to 0.75 micrometers, from 75 nanometers to 1 micrometer, from 75 nanometers to
0.95 micrometers, from 75 nanometers to 0.9 micrometers, from 75 nanometers to 0.85
micrometers, from 75 nanometers to 0.8 micrometers, from 75 nanometers to 0.75 micrometers,
from 100 nanometers to 1 micrometer, from 100 nanometers to 0.95 micrometers, from 100
nanometers to 0.9 micrometers, from 100 nanometers to 0.85 micrometers, from 100 nanometers
to 0.8 micrometers, from 100 nanometers to 0.75 micrometers, from 125 nanometers to 1
micrometer, from 125 nanometers to 0.95 micrometers, from 125 nanometers to 0.9
micrometers, from 125 nanometers to 0.85 micrometers, from 125 nanometers to 0.8
micrometers, from 125 nanometers to 0.75 micrometers, from 150 nanometers to 1 micrometer,
from 150 nanometers to 0.95 micrometers, from 150 nanometers to 0.9 micrometers, from 150
nanometers to 0.85 micrometers, from 150 nanometers to 0.8 micrometers, or from 150
nanometers to 0.75 micrometers.
In some cases, the ceramic particles include “micro” sized particles. In some
embodiments, for example, the plurality of ceramic particles have an average diameter of less
than 1 millimeter, e.g., less than 0.95 millimeters, less than 0.9 millimeters, less than 0.85
millimeters, less than 0.8 millimeters, or less than 0.75 millimeters. In terms of lower limits, the
plurality of ceramic particles may have an average diameter greater than 1 micrometer, e.g.,
greater than 25 micrometers, greater than 50 micrometers, greater than 75 micrometers, greater
than 100 micrometers, greater than 125 micrometers, or greater than 150 micrometers. In terms
of ranges, the plurality of ceramic particles may have an average diameter of from 1 micrometer
to 1 millimeter, e.g., from 1 micrometer to 0.95 millimeters, from 1 micrometer to 0.9
millimeters, from 1 micrometer to 0.85 millimeters, from 1 micrometer to 0.8 millimeters, from
1 micrometer to 0.75 millimeters, from 25 micrometers to 1 millimeter, from 25 micrometers to
0.95 millimeters, from 25 micrometers to 0.9 millimeters, from 25 micrometers to 0.85
millimeters, from 25 micrometers to 0.8 millimeters, from 25 micrometers to 0.75 millimeters,
from 50 micrometers to 1 millimeter, from 50 micrometers to 0.95 millimeters, from 50
14
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micrometers to 0.9 millimeters, from 50 micrometers to 0.85 millimeters, from 50 micrometers
to 0.8 millimeters, from 50 micrometers to 0.75 millimeters, from 75 micrometers to 1
millimeter, from 75 micrometers to 0.95 millimeters, from 75 micrometers to 0.9 millimeters,
from 75 micrometers to 0.85 millimeters, from 75 micrometers to 0.8 millimeters, from 75
micrometers to 0.75 millimeters, from 100 micrometers to 1 millimeter, from 100 micrometers to
0.95 millimeters, from 100 micrometers to 0.9 millimeters, from 100 micrometers to 0.85
millimeters, from 100 micrometers to 0.8 millimeters, from 100 micrometers to 0.75 millimeters,
from 125 micrometers to 1 millimeter, from 125 micrometers to 0.95 millimeters, from 125
micrometers to 0.9 millimeters, from 125 micrometers to 0.85 millimeters, from 125
micrometers to 0.8 millimeters, from 125 micrometers to 0.75 millimeters, from 150
micrometers to 1 millimeter, from 150 micrometers to 0.95 millimeters, from 150 micrometers to
0.9 millimeters, from 150 micrometers to 0.85 millimeters, from 150 micrometers to 0.8
millimeters, or from 150 micrometers to 0.75 millimeters.
In some cases, the plurality of ceramic particles includes both nano and micro particles.
In some embodiments, the alloy composition comprises from 1 wt. % to 30 wt. % of the
ceramic particles, e.g., from 1 wt. % to 29 wt. %, from 1 wt. % to 28 wt. %, from 1 wt. % to 27
wt. %, from 1 wt. % to 26 wt. %, from 1 wt. % to 25 wt. %, from 2 wt. % to 30 wt. %, from 2
wt. % to 29 wt. %, from 2 wt. % to 28 wt. %, from 2 wt. % to 27 wt. %, from 2 wt. % to 26
wt. %, from 2 wt. % to 25 wt. %, from 3 wt. % to 30 wt. %, from 3 wt. % to 29 wt. %, from 3
wt. % to 28 wt. %, from 3 wt. % to 27 wt. %, from 3 wt. % to 26 wt. %, from 3 wt. % to 25
wt. %, from 4 wt. % to 30 wt. %, from 4 wt. % to 29 wt. %, from 4 wt. % to 28 wt. %, from 4
wt. % to 27 wt. %, from 4 wt. % to 26 wt. %, from 4 wt. % to 25 wt. %, from 5 wt. % to 30
wt. %, from 5 wt. % to 29 wt. %, from 5 wt. % to 28 wt. %, from 5 wt. % to 27 wt. %, from 5
wt. % to 26 wt. %, or from 5 wt. % to 25 wt. %.
In terms of lower limits, the alloy composition may comprise greater than 1 wt. %
ceramic particles, e.g., greater than 2 wt. %, greater than 3 wt. %, greater than 4 wt. %, or greater
than 5 wt. %. In terms of upper limits, the alloy composition may comprise less than 30 wt. %
ceramic particles, e.g., less than 29 wt. %, less than 28 wt. %, less than 27 wt. %, less than 26
wt. %, or less than 25 wt. %.
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Alloy Properties
In some embodiments, the alloy composition comprises relatively large grains (e.g.,
primary α-aluminum grains) of the metal. For example, the alloy composition may comprise
aluminum (or an aluminum alloy), and the grains of the aluminum in the alloy composition may
relatively large with respect to conventional aluminum alloy compositions. In some
embodiments, the grains (e.g., primary α-aluminum grains) are equiaxed, globular, or columnar,
or a combination thereof. In some embodiments, the alloy composition comprises relatively less
grain refiner with respect to conventional alloy compositions. In some embodiments, the alloy
composition is substantially free of grain refiner. By utilizing coarser metal grain and/or reducing
or eliminating grain refiner, the alloy composition includes fewer primary metal grain
boundaries. As a result, the alloy composition may exhibit less grain boundary sliding at elevated
temperature and thus improved high temperature creep resistance.
In some embodiments, the average grain size of the metal is from 20 microns to 600
microns, e.g., from 20 microns to 575 microns, from 20 microns to 550 microns, from 20
microns to 525 microns, from 20 microns to 500 microns, from 25 microns to 600 microns, from
25 microns to 575 microns, from 25 microns to 550 microns, from 25 microns to 525 microns,
from 25 microns to 500 microns, from 30 microns to 600 microns, from 30 microns to 575
microns, from 30 microns to 550 microns, from 30 microns to 525 microns, from 30 microns to
500 microns, from 35 microns to 600 microns, from 35 microns to 575 microns, from 35 microns
to 550 microns, from 35 microns to 525 microns, from 35 microns to 500 microns, from 40
microns to 600 microns, from 40 microns to 575 microns, from 40 microns to 550 microns, from
40 microns to 525 microns, from 40 microns to 500 microns, from 45 microns to 600 microns,
from 45 microns to 575 microns, from 45 microns to 550 microns, from 45 microns to 525
microns, from 45 microns to 500 microns, from 50 microns to 600 microns, from 50 microns to
575 microns, from 50 microns to 550 microns, from 50 microns to 525 microns, or from 50
microns to 500 microns.
In terms of lower limits, the average grain size may be greater than 20 microns, e.g.,
greater than 25 microns, greater than 30 microns, greater than 35 microns, greater than 40
microns, greater than 45 microns, or greater than 50 microns. In terms of upper limits, the
average grain size may be less than 600 microns, e.g., less than 575 microns, less than 550
microns, less than 525 microns, or less than 500 microns.
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In some cases, the size of the grains ranges from 200 microns to 600 microns, e.g., from
200 microns to 575 microns, from 200 microns to 550 microns, from 200 microns to 525
microns, from 200 microns to 500 microns, from 225 microns to 600 microns, from 225 microns
to 575 microns, from 225 microns to 550 microns, from 225 microns to 525 microns, from 225
microns to 500 microns, from 250 microns to 600 microns, from 250 microns to 575 microns,
from 250 microns to 550 microns, from 250 microns to 525 microns, from 250 microns to 500
microns, from 275 microns to 600 microns, from 275 microns to 575 microns, from 275 microns
to 550 microns, from 275 microns to 525 microns, from 275 microns to 500 microns, from 300
microns to 600 microns, from 300 microns to 575 microns, from 300 microns to 550 microns,
from 300 microns to 525 microns, or from 300 microns to 500 microns. In terms of lower limits,
the grains of the alloy compositions may be larger than 200 microns, e.g., larger than 225
microns, larger than 250 microns, larger than 275 microns, or larger than 300 microns. In terms
of upper limits, the grains of the alloy composition may be smaller than 600 microns, e.g.,
smaller than 575 microns, smaller than 550 microns, smaller than 525 microns, or smaller than
500 microns.
The alloy composition may comprise a grain refiner. The composition and content of the
grain refiner is not particularly limited. Any commercially available grain refiner master alloy,
e.g., titanium boride (e.g., containing Al-Ti-B alloy), titanium aluminide (e.g., containing Al-Ti
alloy) and/or titanium carbide (e.g., containing Al-Ti-C alloy), may be incorporated into the alloy
compositions described herein.
The alloy composition may comprise from 0 ppm to 50 ppm of grain refiner. In some
cases, for example, the alloy composition may comprise less than 20 ppm of grain refiner. This
may result in a coarser grain structure, which increases both creep resistance and the ductility of
the alloy composition.
Grain coarsening of the metal (e.g., the primary α-aluminum) can be quantized by
anodizing a sample of the metal, e.g., using Barker’s reagent, imaging by polarized optical
microscopy, and determining the grain size by linear intercept. Alternatively, grain size can be
measured by scanning electron microscopy (SEM) coupled with electron backscatter diffraction
(EBSD) analysis.
Similarly, particle coarsening can be quantified using SEM, transmission electron
microscopy (TEM), and/or scanning transmission electron microscopy (STEM). The images can
17
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be analyzed by software, e.g., Image-J software, to measure the size and distribution of
coarsened particles in the alloy composition.
TEM and in-situ TEM can also be used to capture and quantify the dislocation
movement.
Intermetallic Phase
The presence and content of intermetallic particles in the alloy composition impacts the
usefulness of the alloy composition in forming a bottom block. In particular, an intermetallic
phase of the alloy composition that is highly interconnected beneficially increases the loadbearing capacity of the alloy composition, e.g., at elevated temperatures. Furthermore, a highly
interconnected alloy composition may resist dislocation motion, thereby improving the strength
and the ductility of the alloy composition. In addition, the presence of stable intermetallic phase
at an interdendritic region within the alloy composition increases strength at elevated
temperatures, because at elevated temperatures, the stable intermetallic phase will not transform.
Thus, an alloy composition of certain intermetallic phases may be desirable.
In some cases, the alloy composition comprises α-phase intermetallic particles and βphase intermetallic particles. The α-phase intermetallic particles and β-phase intermetallic
particles may comprise aluminum and any combination of the alloying elements described above
(e.g., iron, manganese, and/or silicon). Exemplary α-phase-stabilizing alloying elements may
include one or more of copper, chromium, manganese, zirconium, and/or vanadium. In some
cases, an intermetallic particle comprises a combination of aluminum, iron, silicon, chromium,
and manganese.
The content of the α-phase intermetallic particles and the β-phase intermetallic particles
in the alloy composition can be described in two ways. First, the content of the intermetallic
phase particles can be calculated thermodynamically, e.g., using a CALPHAD simulation, to
estimate the amount of the α-phase intermetallic particles and β-phase intermetallic particles
alloy present in the alloy. FIGs. 2, 3, 4 and 5 each illustrate the results of such a CALPHAD
simulation for alloy compositions according to the present disclosure.
Second, the content of the intermetallic phase particles can be empirically determined
from cast samples by extracting the particles, e.g., by dissolving the aluminum matrix (such as
by using boiling phenol or boiling butanol), filtering the particles, and performing X-ray powder
diffraction (XRD) on the extracted particles to quantify the phase percentage. FIG. 5 illustrates
18
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an XRD graph of an alloy composition according to the present disclosure. In particular, the
XRD graph of FIG. 5 was produced by analysis of intermetallic particles extracted from the alloy
composition. The XRD graph does not include an aluminum peak because the solid aluminum
was removed using boiling phenol. With the solid aluminum removed, the remaining
intermetallic particles were filtered out from the chemical solution, and XRD was performed.
The relative content of the two phases in the alloy composition (e.g., the mass ratio of αphase intermetallic particles to β-phase intermetallic particles) may vary. The relative content
may be controlled, for example, by the selection of alloying elements, the cooling rate of the
alloy composition, or the heat treatment of the alloy composition (as described below). In some
embodiments, the alloy compositions described here comprises α-phase intermetallic particles in
an amount greater than β-phase intermetallic particles. That is, the mass ratio of α-phase
intermetallic particles to β-phase intermetallic particles may be greater than 1. In some cases, the
mass ratio of α-phase intermetallic particles to β-phase intermetallic particles is greater than 10,
e.g., greater than 20, greater than 30, greater than 40, greater than 50, greater than 60, greater
than 70, greater than 80, greater than 90, greater than 95, or greater than 99. In some cases, the
mass ratio of α-phase intermetallic particles to β-phase intermetallic particles is 100.
In some cases, the alloy composition is an aluminum alloy (e.g., a 6xxx series aluminum
alloy), and the intermetallic particle of the alloy composition may be described as an Al-Fe-Si
intermetallic phase. Said another way, the intermetallic particle may comprise aluminum, iron,
and silicon. In some cases, the intermetallic particle may (further) comprise manganese,
chromium, and/or copper.
In some embodiments, for example, the alloy composition comprises α-AlFeSi
intermetallic particles and β-AlFeSi intermetallic particles. In these embodiments, the alloy
composition may be described based on the type and/or the size of the Al-Fe-Si intermetallic
phase that forms at grain boundaries and by the relative content of α-AlFeSi intermetallic
particles and β-AlFeSi intermetallic particles. In some cases, the alloy composition comprises an
α-AlFeSi phase alloy at the grain boundaries within the metallic matrix. The α-AlFeSi phase
alloy, in some cases, exhibits high corrosion resistance as compared to other intermetallic phases
(e.g., β-AlFeSi phase alloy). The α-AlFeSi phase alloy may also exhibit greater oxidation
resistance, load bearing capacity, corrosion resistance and stability at high temperatures as
compared to other intermetallic phases.
19
Published by Technical Disclosure Commons, 2022

20

Defensive Publications Series, Art. 4860 [2022]

Performance Characteristics
The alloy compositions of the present disclosure advantageously exhibit high ductility
and/or plasticity (e.g., as compared to conventional alloy compositions). The high ductility of the
alloy compositions reduces the susceptibility of the alloy composition (e.g., a bottom block
formed therefrom) to the formation or propagation of cracks.
In some embodiments, ductility is increased by ensuring that a large proportion of the
grain is able to move. In particular, the grains should be able to move without necking or failure.
Said another way, the alloy composition preferably has a high strain hardening rate.
In some cases, this is achieved by the selection of alloying elements. For example,
dispersoid or precipitate particles in the alloy composition that have a stable physical structure
may facilitate dislocation. In particular, the dislocation may form a loop around a dispersoid
particle, allowing bypass without fracturing/shearing the particle. In addition, the alloying
elements may improve movability of the grains (and improve ductility) by slowing the
dislocation motion. In some cases, an alloying element may be positioned at the slip plain or may
physically move to vacancies under strain.
The alloy compositions of the present disclosure advantageously exhibit high strength
(e.g., as compared to conventional alloy compositions). The high strength allows the alloy
compositions to withstand cycles of thermal and/or mechanical stress (e.g., stress associated with
ingot bounce).
In some embodiments, the alloy compositions (and bottom blocks formed therefrom)
exhibit a yield strength greater than 5 ksi at room temperature, e.g., greater than 7 ksi, greater
than 9 ksi, greater than 10 ksi, greater than 12 ksi, greater than 15 ksi, or greater than 20 ksi.
In some embodiments, strength is increased by slowing or arresting the dislocation
motion of grains in the alloy composition. In some cases, this is achieved by the selection of
alloying elements. For example, to maximize the strength, the physical structure of a dispersoid
or precipitate particle should be such that they are shearable by the dislocation loop. Said another
way, dislocations should not bow and leave a loop around the particle. To retain this demand at
elevated temperature, slow diffusing elements are included in the alloy composition.
In some embodiments, the alloy compositions (and bottom blocks formed therefrom)
exhibit a total tensile elongation of at least 5% at room temperature, e.g., at least 8%, at least
10%, at least 12%, at least 15% or at least 20%.
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In some embodiments, the alloy compositions (and bottom blocks formed therefrom)
exhibit a reduction of area of at least 5% at room temperature, e.g., at least 8%, at least 10%, at
least 12%, at least 15%, at least 18%, at least 20%, at least 25%, or at least 30%.
Methods of Making the Alloy Compositions and Bottom Block
Also described herein is a method for producing the alloy composition described herein.
Without intending to limit the invention, alloy composition properties are partially determined by
the formation of microstructures during the alloy's preparation. In certain aspects, the method of
preparation for an alloy composition may influence or even determine whether the alloy will
have properties adequate for a desired application, e.g., use as a bottom block.
In one aspect, the present disclosure provides a method of making an alloy composition
as described herein. In one embodiment, the method of making an aluminum alloy as described
herein comprises the sequential steps of direct chill casting, heat treating, and forming (e.g.,
machining).
In another embodiment, the method of making the aluminum alloy as described herein
comprises the sequential steps of direct chill casting, heat treating, forming, and optionally
annealing.
In another embodiment, the method of making an aluminum alloy as described herein
comprises direct chill casting a metallic ingot, heat treating the ingot, and shaping the heat
treated ingot to a bottom block. In certain embodiments, the method further comprises
annealing/age heat treating the bottom block.
In certain embodiments, the heat treating includes a two-step heat treatment process. For
example, heat treating the ingot may comprise heating the ingot to a first temperature from 350
°C to 520 °C, allowing the ingot to soak at the first temperature for from 0.1 hours to 24 hours,
heating the ingot to a second temperature from 520 °C to 600 °C, and allowing the ingot to soak
at the second temperature for from 0.1 hours to 24 hours. In another example, heat treating the
ingot may comprise heating the ingot to a first temperature from 350 °C to 520 °C, allowing the
ingot to soak at the first temperature for from 0.1 hours to 24 hours, heating the ingot to a second
temperature from 100 °C to 350 °C, and allowing the ingot to soak at the second temperature for
from 0.1 hours to 24 hours.
In certain embodiments, the heat treating includes a three-step heat treatment process. For
example, heat treating the ingot may comprise heating and soaking at a first temperature and a
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second temperature, as noted above, and further comprise heating the ingot to a third temperature
from 100 °C to 350 °C, and allowing the ingot to soak at the third temperature for from 0.1 hours
to 24 hours.
Casting
The alloy compositions described herein can be cast into ingots using a direct chill (DC)
process. The DC casting process is performed according to standards commonly used in the
aluminum industry as known to one of skill in the art.
In some embodiments, the alloy compositions may be prepared using scrap aluminum
and/or recycled aluminum alloys. Said another way, scrap aluminum and/or recycled aluminum
alloys may be used to fabricate bottom blocks. In some cases, this recycled scrap metal may
comprise aluminum (e.g., an aluminum alloy as described above) and one or more impurity
elements. For example, the scrap metal may have a relatively high iron content. The iron content
of the recycled strap metal produces more intermetallic particle, which beneficially increases the
strength of the alloy composition at high temperatures. A high iron content may also nonbeneficially reduce the plasticity and/or ductility of the alloy composition, resulting in a bottom
block susceptible to cracking.
In some cases, the ingot is cast using a standard DC casting process (e.g., with in-situ
homogenization).
In some embodiments, the DC casting process comprises stirring molten alloy in the
sump (e.g., with in-situ homogenization). Stirring beneficially improves the properties of the
ingot. For example, stirring may reduce macrosegregation, which is the non-uniform chemical
composition throughout the ingot. Furthermore, stirring may reduce or eliminate cracks within
the ingot.
In some cases, sump stirring may refine the intermetallic particle size distribution, modify
the intermetallic shape or aspect ratio, and/or modify the phase type of the intermetallic particles.
As noted above, the size and relative content of intermetallic particles affects the mechanical
properties of an alloy product (e.g., bottom lock). Because bottom blocks are manufactured from
ingot, the microstructure of the cast ingot is important, and modifying the mechanical properties
of the cast ingot, e.g. by controlling the formation of intermetallic particles, can improve the
quality of the ultimate product.
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In some embodiments, the stirring may be performed by sending a high pressure and/or
high velocity liquid jet through the spout and educator nozzles to the mold cavity. The jet may be
controlled, e.g., by a non-contact flow control device, such as a permanent magnet flow control
device and/or an electromagnet flow control device. The high velocity liquid jet in the mold
cavity induces flow in the sump and causes stirring action.
In some embodiments, the stirring may be performed by using magnetic fields to alter or
control the flow of molten alloy during continuous casting. For example, the magnetic field may
be introduced by electromagnets or permanent magnets.
In some embodiments, the stirring may be performed by using a mechanical stirrer. In
some embodiments, the stirring may be performed by using ultra-sonication.
In some embodiments, the stirring may be performed in combination with a wiper (e.g.,
rubber wiper, water wiper, and/or air wiper). In some embodiments, the stirring may be
performed in combination with in-situ homogenization. In some embodiments, the stirring may
be performed in combination with both a wiper and in-situ homogenization.
Heat Treatment
The heat treatment step can involve a one-step heat treatment, a two-step heat treatment,
or a three-step heat treatment. In some embodiments of the heat treatment step, a one-step heat
treatment is performed in which an ingot prepared from the alloy compositions described herein
is heated to attain a peak metal temperature (PMT). The ingot is then allowed to soak (i.e., held
at the indicated temperature) for a period of time during the first stage. In embodiments of the
present disclosure, the heat treatment step preferably causes or facilitates the precipitation of
dispersoids, as described above.
In some embodiments of the heat treatment step, a two-step heat treatment is performed
where an ingot prepared from an alloy composition described herein is heated to attain a first
temperature and then allowed to soak for a period of time. In the second stage, the ingot can be
cooled to a temperature lower than the temperature used in the first stage and then allowed to
soak for a period of time during the second stage.
In some embodiments, the heat treatment step includes heating the ingot to a first
temperature, wherein the first temperature is from 350 °C to 520 °C, e.g., from 360 °C to 520 °C,
from 370 °C to 520 °C, from 380 °C to 520 °C, from 390 °C to 520 °C, from 400 °C to 520 °C,
from 350 °C to 510 °C, from 350 °C to 510 °C, from 360 °C to 510 °C, from 370 °C to 510 °C,
23
Published by Technical Disclosure Commons, 2022

24

Defensive Publications Series, Art. 4860 [2022]

from 380 °C to 510 °C, from 390 °C to 510 °C, from 400 °C to 510 °C, from 350 °C to 500 °C,
from 350 °C to 500 °C, from 360 °C to 500 °C, from 370 °C to 500 °C, from 380 °C to 500 °C,
from 390 °C to 500 °C, from 400 °C to 500 °C, from 350 °C to 490 °C, from 350 °C to 490 °C,
from 360 °C to 490 °C, from 370 °C to 490 °C, from 380 °C to 490 °C, from 390 °C to 490 °C,
from 400 °C to 490 °C, from 350 °C to 480 °C, from 350 °C to 480 °C, from 360 °C to 480 °C,
from 370 °C to 480 °C, from 380 °C to 480 °C, from 390 °C to 480 °C, or from 400 °C to 480
°C. In terms of lower limits, the first temperature may be greater than 350 °C, greater than 360
°C, greater than 370 °C, greater than 380 °C, greater than 390 °C, or greater than 400 °C. In
terms of upper limits, the first temperature may be less than 520 °C, less than 510 °C, less than
500 °C, less than 490 °C, or less than 480 °C.
In some cases, the first temperature may be higher than the above temperatures. In some
cases, for example, the first temperature may range from 500 °C to 600 °C, e.g., from 505 °C to
600 °C, from 510 °C to 600 °C, from 515 °C to 600 °C, from 520 °C to 600 °C, from 500 °C to
595 °C, from 500 °C to 595 °C, from 505 °C to 595 °C, from 510 °C to 595 °C, from 515 °C to
595 °C, from 520 °C to 595 °C, from 500 °C to 590 °C, from 500 °C to 590 °C, from 505 °C to
590 °C, from 510 °C to 590 °C, from 515 °C to 590 °C, from 520 °C to 590 °C, from 500 °C to
585 °C, from 500 °C to 585 °C, from 505 °C to 585 °C, from 510 °C to 585 °C, from 515 °C to
585 °C, from 520 °C to 585 °C, from 500 °C to 580 °C, from 500 °C to 580 °C, from 505 °C to
580 °C, from 510 °C to 580 °C, from 515 °C to 580 °C, or from 520 °C to 580 °C. In terms of
lower limits, the first temperature may be greater than 500 °C, greater than 505 °C, greater than
510 °C, greater than 515 °C, or greater than 520 °C. In terms of upper limits, the first
temperature may be less than 600 °C, less than 595 °C, less than 590 °C, less than 585 °C, or less
than 580 °C.
The rate of heating the ingot to the first temperature is not particularly limited. In some
cases, the heating rate to the first temperature may range from 0.1 °C/min to 4 °C/min, e.g., from
0.1 °C/min to 3.5 °C/min, from 0.1 °C/min to 3 °C/min, from 0.1 °C/min to 2.5 °C/min, from 0.1
°C/min to 2 °C/min, from 0.2 °C/min to 4 °C/min, from 0.2 °C/min to 3.5 °C/min, from 0.2
°C/min to 3 °C/min, from 0.2 °C/min to 2.5 °C/min, from 0.2 °C/min to 2 °C/min, from
0.4 °C/min to 4 °C/min, from 0.4 °C/min to 3.5 °C/min, from 0.4 °C/min to 3 °C/min, from 0.4
°C/min to 2.5 °C/min, from 0.4 °C/min to 2 °C/min, from 0.6 °C/min to 4 °C/min, from 0.6
°C/min to 3.5 °C/min, from 0.6 °C/min to 3 °C/min, from 0.6 °C/min to 2.5 °C/min, from 0.6
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°C/min to 2 °C/min, from 0.8 °C/min to 4 °C/min, from 0.8 °C/min to 3.5 °C/min, from 0.8
°C/min to 3 °C/min, from 0.8 °C/min to 2.5 °C/min, or from 0.8 °C/min to 2 °C/min. In terms of
lower limits, the heating rate may be greater than 0.1 °C/min, e.g., greater than 0.2 °C/min,
greater than 0.4 °C/min, greater than 0.6 °C/min, or greater than 0.8 °C/min. In terms of upper
limits, the heating rate may be less than 4 °C/min, e.g., less than 3.5 °C/min, less than 3 °C/min,
less than 2.5 °C/min, or less than 2 °C/min.
In the heat treatment step, the ingot may be soaked at the first temperature for from 0.1
hours to 24 hours, e.g., from 0.2 hours to 24 hours, from 0.5 hours to 24 hours, from 1 hour to 24
hours, from 2 hours to 24 hours, from 2 hours to 24 hours, from 0.1 hours to 22 hours, from 0.2
hours to 22 hours, from 0.5 hours to 22 hours, from 1 hour to 22 hours, from 2 hours to 22 hours,
from 2 hours to 22 hours, from 0.1 hours to 20 hours, from 0.2 hours to 20 hours, from 0.5 hours
to 20 hours, from 1 hour to 20 hours, from 2 hours to 20 hours, from 2 hours to 20 hours, from
0.1 hours to 18 hours, from 0.2 hours to 18 hours, from 0.5 hours to 18 hours, from 1 hour to 18
hours, from 2 hours to 18 hours, or from 2 hours to 18 hours. In terms of lower limits, the ingot
may be soaked at the first temperature for greater than 0.1 hours, e.g., greater than 0.2 hours,
greater than 0.5 hours, greater than 1 hour, or greater than 2 hours. In terms of upper limits, the
ingot may be soaked at the first temperature for less than 24 hours, e.g., less than 22 hours, less
than 20 hours, or less than 18 hours.
In some embodiments, the heat treatment step includes heating (or cooling) the ingot to a
second temperature. The second temperature may be greater than the first temperature or less
than the first temperature. In some cases, the ingot is heated or cooled to the second temperature
directly. In some cases, the ingot is cooled from the first temperature to room temperature before
heating to the second temperature. Said another way, in some embodiments, the ingot is heated
to and soaked at the first temperature, cooled to room temperature, and heated to the second
temperature. The means of cooling the ingot (e.g., to room temperature) are not limited and may
include, for example, furnace cooling, air cooling and/or water quenching.
In some embodiments, the heat treatment step includes heating (or cooling) the ingot to a
second temperature, wherein the second temperature is from 500 °C to 600 °C, e.g., from 505 °C
to 600 °C, from 510 °C to 600 °C, from 515 °C to 600 °C, from 520 °C to 600 °C, from 500 °C
to 595 °C, from 500 °C to 595 °C, from 505 °C to 595 °C, from 510 °C to 595 °C, from 515 °C
to 595 °C, from 520 °C to 595 °C, from 500 °C to 590 °C, from 500 °C to 590 °C, from 505 °C
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to 590 °C, from 510 °C to 590 °C, from 515 °C to 590 °C, from 520 °C to 590 °C, from 500 °C
to 585 °C, from 500 °C to 585 °C, from 505 °C to 585 °C, from 510 °C to 585 °C, from 515 °C
to 585 °C, from 520 °C to 585 °C, from 500 °C to 580 °C, from 500 °C to 580 °C, from 505 °C
to 580 °C, from 510 °C to 580 °C, from 515 °C to 580 °C, or from 520 °C to 580 °C. In terms of
lower limits, the second temperature may be greater than 500 °C, greater than 505 °C, greater
than 510 °C, greater than 515 °C, or greater than 520 °C. In terms of upper limits, the second
temperature may be less than 600 °C, less than 595 °C, less than 590 °C, less than 585 °C, or less
than 580 °C.
In some embodiments, the heat treatment step includes heating (or cooling) the ingot to a
second temperature, wherein the second temperature is from 350 °C to 500 °C, e.g., from 355 °C
to 500 °C, from 360 °C to 500 °C, from 365 °C to 500 °C, from 370 °C to 500 °C, from 350 °C
to 495 °C, from 350 °C to 495 °C, from 355 °C to 495 °C, from 360 °C to 495 °C, from 365 °C
to 495 °C, from 370 °C to 495 °C, from 350 °C to 490 °C, from 350 °C to 490 °C, from 355 °C
to 490 °C, from 360 °C to 490 °C, from 365 °C to 490 °C, from 370 °C to 490 °C, from 350 °C
to 485 °C, from 350 °C to 485 °C, from 355 °C to 485 °C, from 360 °C to 485 °C, from 365 °C
to 485 °C, from 370 °C to 485 °C, from 350 °C to 480 °C, from 350 °C to 480 °C, from 355 °C
to 480 °C, from 360 °C to 480 °C, from 365 °C to 480 °C, or from 370 °C to 480 °C. In terms of
lower limits, the second temperature may be greater than 350 °C, greater than 355 °C, greater
than 360 °C, greater than 365 °C, or greater than 370 °C. In terms of upper limits, the second
temperature may be less than 500 °C, less than 495 °C, less than 490 °C, less than 485 °C, or less
than 480 °C.
In some embodiments, the heat treatment step includes cooling the ingot to a second
temperature, wherein the second temperature is from 100 °C to 350 °C, e.g., from 105 °C to 350
°C, from 110 °C to 350 °C, from 115 °C to 350 °C, from 120 °C to 350 °C, from 100 °C to 340
°C, from 100 °C to 340 °C, from 105 °C to 340 °C, from 110 °C to 340 °C, from 115 °C to 340
°C, from 120 °C to 340 °C, from 100 °C to 330 °C, from 100 °C to 330 °C, from 105 °C to 330
°C, from 110 °C to 330 °C, from 115 °C to 330 °C, from 120 °C to 330 °C, from 100 °C to 320
°C, from 100 °C to 320 °C, from 105 °C to 320 °C, from 110 °C to 320 °C, from 115 °C to 320
°C, from 120 °C to 320 °C, from 100 °C to 310 °C, from 100 °C to 310 °C, from 105 °C to 310
°C, from 110 °C to 310 °C, from 115 °C to 310 °C, or from 120 °C to 310 °C. In terms of lower
limits, the second temperature may be greater than 100 °C, greater than 105 °C, greater than 110
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°C, greater than 115 °C, or greater than 120 °C. In terms of upper limits, the second temperature
may be less than 350 °C, less than 340 °C, less than 330 °C, less than 320 °C, or less than 310
°C.
The rate of heating (or cooling) the ingot to the second temperature is not particularly
limited. In some cases, the heating (or cooling) rate to the second temperature may range from
0.1 °C/min to 4 °C/min, e.g., from 0.1 °C/min to 3.5 °C/min, from 0.1 °C/min to 3 °C/min, from
0.1 °C/min to 2.5 °C/min, from 0.1 °C/min to 2 °C/min, from 0.2 °C/min to 4 °C/min, from 0.2
°C/min to 3.5 °C/min, from 0.2 °C/min to 3 °C/min, from 0.2 °C/min to 2.5 °C/min, from 0.2
°C/min to 2 °C/min, from 0.4 °C/min to 4 °C/min, from 0.4 °C/min to 3.5 °C/min, from 0.4
°C/min to 3 °C/min, from 0.4 °C/min to 2.5 °C/min, from 0.4 °C/min to 2 °C/min, from
0.6 °C/min to 4 °C/min, from 0.6 °C/min to 3.5 °C/min, from 0.6 °C/min to 3 °C/min, from 0.6
°C/min to 2.5 °C/min, from 0.6 °C/min to 2 °C/min, from 0.8 °C/min to 4 °C/min, from 0.8
°C/min to 3.5 °C/min, from 0.8 °C/min to 3 °C/min, from 0.8 °C/min to 2.5 °C/min, or from 0.8
°C/min to 2 °C/min. In terms of lower limits, the heating (or cooling) rate may be greater than
0.1 °C/min, e.g., greater than 0.2 °C/min, greater than 0.4 °C/min, greater than 0.6 °C/min, or
greater than 0.8 °C/min. In terms of upper limits, the heating (or cooling) rate may be less than
4 °C/min, e.g., less than 3.5 °C/min, less than 3 °C/min, less than 2.5 °C/min, or less than
2 °C/min.
In the heat treatment step, the ingot may be soaked at the second temperature for from 0.1
hours to 24 hours, e.g., from 0.2 hours to 24 hours, from 0.5 hours to 24 hours, from 1 hour to 24
hours, from 2 hours to 24 hours, from 2 hours to 24 hours, from 0.1 hours to 22 hours, from 0.2
hours to 22 hours, from 0.5 hours to 22 hours, from 1 hour to 22 hours, from 2 hours to 22 hours,
from 2 hours to 22 hours, from 0.1 hours to 20 hours, from 0.2 hours to 20 hours, from 0.5 hours
to 20 hours, from 1 hour to 20 hours, from 2 hours to 20 hours, from 2 hours to 20 hours, from
0.1 hours to 18 hours, from 0.2 hours to 18 hours, from 0.5 hours to 18 hours, from 1 hour to 18
hours, from 2 hours to 18 hours, or from 2 hours to 18 hours. In terms of lower limits, the ingot
may be soaked at the second temperature for greater than 0.1 hours, e.g., greater than 0.2 hours,
greater than 0.5 hours, greater than 1 hour, or greater than 2 hours. In terms of upper limits, the
ingot may be soaked at the second temperature for less than 24 hours, e.g., less than 22 hours,
less than 20 hours, or less than 18 hours.
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In some embodiments, the heat treatment step includes heating (or cooling) the ingot to a
third temperature. The third temperature may be greater than the second temperature or less than
the second temperature. In some cases, the ingot is heated or cooled to the third temperature
directly. In some cases, the ingot is cooled from the second temperature to room temperature
before heating to the third temperature. Said another way, in some embodiments, the ingot is
heated to and soaked at the second temperature, cooled to room temperature, and heated to the
third temperature. The means of cooling the ingot (e.g., to room temperature) are not limited and
may include, for example, furnace cooling, air cooling and/or water quenching.
In some embodiments, the heat treatment step includes heating the ingot to a third
temperature, wherein the third temperature is from 350 °C to 500 °C, e.g., from 355 °C to 500
°C, from 360 °C to 500 °C, from 365 °C to 500 °C, from 370 °C to 500 °C, from 350 °C to 495
°C, from 350 °C to 495 °C, from 355 °C to 495 °C, from 360 °C to 495 °C, from 365 °C to 495
°C, from 370 °C to 495 °C, from 350 °C to 490 °C, from 350 °C to 490 °C, from 355 °C to 490
°C, from 360 °C to 490 °C, from 365 °C to 490 °C, from 370 °C to 490 °C, from 350 °C to 485
°C, from 350 °C to 485 °C, from 355 °C to 485 °C, from 360 °C to 485 °C, from 365 °C to 485
°C, from 370 °C to 485 °C, from 350 °C to 480 °C, from 350 °C to 480 °C, from 355 °C to 480
°C, from 360 °C to 480 °C, from 365 °C to 480 °C, or from 370 °C to 480 °C. In terms of lower
limits, the third temperature may be greater than 350 °C, greater than 355 °C, greater than 360
°C, greater than 365 °C, or greater than 370 °C. In terms of upper limits, the third temperature
may be less than 500 °C, less than 495 °C, less than 490 °C, less than 485 °C, or less than 480
°C.
In some embodiments, the heat treatment step includes cooling the ingot to a third
temperature, wherein the third temperature is from 100 °C to 350 °C, e.g., from 105 °C to 350
°C, from 110 °C to 350 °C, from 115 °C to 350 °C, from 120 °C to 350 °C, from 100 °C to 340
°C, from 100 °C to 340 °C, from 105 °C to 340 °C, from 110 °C to 340 °C, from 115 °C to 340
°C, from 120 °C to 340 °C, from 100 °C to 330 °C, from 100 °C to 330 °C, from 105 °C to 330
°C, from 110 °C to 330 °C, from 115 °C to 330 °C, from 120 °C to 330 °C, from 100 °C to 320
°C, from 100 °C to 320 °C, from 105 °C to 320 °C, from 110 °C to 320 °C, from 115 °C to 320
°C, from 120 °C to 320 °C, from 100 °C to 310 °C, from 100 °C to 310 °C, from 105 °C to 310
°C, from 110 °C to 310 °C, from 115 °C to 310 °C, or from 120 °C to 310 °C. In terms of lower
limits, the third temperature may be greater than 100 °C, greater than 105 °C, greater than 110
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°C, greater than 115 °C, or greater than 120 °C. In terms of upper limits, the third temperature
may be less than 350 °C, less than 340 °C, less than 330 °C, less than 320 °C, or less than 310
°C.
The rate of heating (or cooling) the ingot to the third temperature is not particularly
limited. In some cases, the heating (or cooling) rate to the third temperature may range from
0.1 °C/min to 4 °C/min, e.g., from 0.1 °C/min to 3.5 °C/min, from 0.1 °C/min to 3 °C/min, from
0.1 °C/min to 2.5 °C/min, from 0.1 °C/min to 2 °C/min, from 0.2 °C/min to 4 °C/min, from 0.2
°C/min to 3.5 °C/min, from 0.2 °C/min to 3 °C/min, from 0.2 °C/min to 2.5 °C/min, from 0.2
°C/min to 2 °C/min, from 0.4 °C/min to 4 °C/min, from 0.4 °C/min to 3.5 °C/min, from 0.4
°C/min to 3 °C/min, from 0.4 °C/min to 2.5 °C/min, from 0.4 °C/min to 2 °C/min, from
0.6 °C/min to 4 °C/min, from 0.6 °C/min to 3.5 °C/min, from 0.6 °C/min to 3 °C/min, from 0.6
°C/min to 2.5 °C/min, from 0.6 °C/min to 2 °C/min, from 0.8 °C/min to 4 °C/min, from 0.8
°C/min to 3.5 °C/min, from 0.8 °C/min to 3 °C/min, from 0.8 °C/min to 2.5 °C/min, or from 0.8
°C/min to 2 °C/min. In terms of lower limits, the heating (or cooling) rate may be greater than
0.1 °C/min, e.g., greater than 0.2 °C/min, greater than 0.4 °C/min, greater than 0.6 °C/min, or
greater than 0.8 °C/min. In terms of upper limits, the heating (or cooling) rate may be less than
4 °C/min, e.g., less than 3.5 °C/min, less than 3 °C/min, less than 2.5 °C/min, or less than
2 °C/min.
In the heat treatment step, the ingot may be soaked at the third temperature for from 0.1
hours to 24 hours, e.g., from 0.2 hours to 24 hours, from 0.5 hours to 24 hours, from 1 hour to 24
hours, from 2 hours to 24 hours, from 2 hours to 24 hours, from 0.1 hours to 22 hours, from 0.2
hours to 22 hours, from 0.5 hours to 22 hours, from 1 hour to 22 hours, from 2 hours to 22 hours,
from 2 hours to 22 hours, from 0.1 hours to 20 hours, from 0.2 hours to 20 hours, from 0.5 hours
to 20 hours, from 1 hour to 20 hours, from 2 hours to 20 hours, from 2 hours to 20 hours, from
0.1 hours to 18 hours, from 0.2 hours to 18 hours, from 0.5 hours to 18 hours, from 1 hour to 18
hours, from 2 hours to 18 hours, or from 2 hours to 18 hours. In terms of lower limits, the ingot
may be soaked at the third temperature for greater than 0.1 hours, e.g., greater than 0.2 hours,
greater than 0.5 hours, greater than 1 hour, or greater than 2 hours. In terms of upper limits, the
ingot may be soaked at the third temperature for less than 24 hours, e.g., less than 22 hours, less
than 20 hours, or less than 18 hours.
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In some embodiments, the heat treatment does not comprise heating the ingot to the third
temperature. In some cases, heating the ingot to the third temperature may not be necessary when
in-situ homogenization is used during casting. For example, if an ingot is cast with an in-situ
homogenization rebound temperature between 350 °C to 600 °C, and is held within this
temperature range for from 3 to 5 hours, dispersoids may suitably precipitate from the solid
solution. In this case, there may be no need to heat the ingot to the third temperature.
Table 1 illustrates heat treatments.
Table 1
First Temp.

Cool to RT? Second Temp.

430 °C, 8 hours

No

550 °C, 4 hours

430 °C, 8 hours

No

550 °C, 4 hours

550 °C, 6 hours

Yes, air cool 200 °C, 8 hours

Cool to RT?

Third Temp.

Yes, water quench 200 °C, 8 hours
Yes, air cool

200 °C, 8 hours

n/a

n/a

Following heat treatment, the treated ingot may be under aged, peak aged, over aged, or
selectively aged.
Machining and Fabrication
Following the heat treatment, the ingot may be shaped into a bottom block, e.g., for use
in direct chill (DC) casting. In some cases, shaping the ingot comprises a machining and/or
fabrication process. In some embodiments, the machining/fabrication process may include
sawing, milling, drilling, and/or grinding. In some embodiments, machining/fabrication is
performed with a programed computer numerical control (CNC) machine.
In some cases, the ingot may be machined and/or fabricated to include a raised portion.
During DC casting, the molten alloy may be delivered to the mold through a bag, e.g., a
combination or distribution bag. In these cases, the melt flow out from the short faces of combo,
and creates hot spots on the bottom block at the region where the melt contacts the bottom block
surface. The metal in each hot spot of the bottom block yields more readily, which allows the
metal of the bottom block to plastically move and ultimately produces a hump on the bottom
block surface. Meanwhile, metal from the relatively colder region between the hot spots (e.g.,
below the distribution bag) moves inward to compensate for the hump and produces a dip. The
formation of both the hump(s) and the dip causes heaving, which can produce cracks on the
surface of the bottom block when severe.
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In some aspects, the alloy compositions described herein exhibit high temperature
strength and/or creep resistance, which mitigates (or eliminates) heaving. To (further)
compensate for the hump and dip formation and/or to mitigate (or eliminate) heaving, the bottom
block may be specially designed. In particular, the bottom block may be machined and/or
fabricated such that the surface to be placed below the bag during DC casting is raised relative to
the rest of the bottom block surface. Such a design can reduce or prevent heaving, thereby
increasing the service life of the bottom block.
In some cases, drain holes are made on the bottom block surface during fabrication. The
drain holes are designed to drain the water that may become trapped between the cast ingot and
the bottom block during DC casting. As noted above, drain holes may be particularly susceptible
to cracks. These cracks may be so severe that it is necessary to retire the bottom block, which
may be referred to as fatigue failure. The drain holes crack as a result of thermo-mechanical
fatigue.
The cracks are seen only on the drain holes that are closer to the center axis of the bottom
block. This indicates that these drain holes are subject to larger cyclic stress/strain as compared
to the other drain holes of the bottom block. The different exposure the cyclic stress and strain
among the drain holes is only possible when the bottom block structure deflects in a “YY”
direction. Such deflection induces large stress/strain across the center width of the bottom block.
In some aspects, the alloy compositions exhibit with high plasticity and/or ductility,
which mitigates (or eliminates) the effects of cyclic stress/strain. In particular, the plasticity and
ductility of the alloy compositions described herein may increase the number of cycles that a
bottom block formed therefrom can withstand before fatigue failure. To (further) mitigate the
susceptibility of the drain holes to cracking, the bottom block may be designed that that no drain
holes are aligned along the center axis of the bottom block.
Forming
In some cases, shaping the ingot comprises a forming process. In some embodiments, the
forming process is a cold forming process, e.g., a process carried out at room temperature. In
some embodiments, the forming process is a warm forming process, e.g., a process carried out at
a temperature above room temperature but below the recrystallization temperature of the alloy
composition. In some embodiments, the forming process is a hot forming process, e.g., a process
carried out a temperature above the recrystallization temperature of the alloy composition.
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In some embodiments, the forming process is a selective forming of the bottom block. In
some cases, the selective forming targets areas of the bottom block that need more strength,
ductility and/or fatigue properties. For example, the selective forming may target area(s) around
the drain holes, area(s) below the distribution bag, and/or the lip portion of the bottom block.
The selective forming process may be cold or hot forming. In some embodiments, cold
forming is performed on area(s) around the drain hole to induce residual compressive stress. This
may increase the resistance of the bottom block to fatigue. Suitable cold forming processes
include by ultrasonic impact forming, explosive forming, magnetic/electromagnetic force
forming, or hydroforming.
Annealing
In some embodiments, an optional annealing step can be performed following the
forming. In some aspects, the annealing step includes a recrystallization annealing. In some
aspects, the annealing step includes stabilization annealing. For example, the selective forming
step may include cold forming the ingot, which is followed by recrystallization annealing and/or
stabilization annealing. For example, annealing (or aging) can be performed on the formed (e.g.,
machined) bottom block to increase or modify the surface oxide and to control the precipitate or
dispersoid size. This may increase the life span of the bottom block.
In some embodiments, an optional annealing step comprises an additional heat treatment
step following the forming. In some cases, aspects, the annealing step comprises aging, e.g.,
under aging, peak aging, and/or over aging. The annealing (e.g., aging) may induce coarsening of
precipitate hardening/strengthening particles. The annealing (e.g., aging) may induce coarsening
of precipitate hardening/strengthening particles which increase the ductility, plasticity and
toughness of the alloy, and further increases the life span of bottom block. The annealing (e.g.,
aging) additional heat treatment step in
In some embodiments, the annealing step may (further) comprise a selective annealing
step, e.g., following fabrication. This selective annealing step may specifically target drain holes
that are on (or close to) a central axis of the bottom block. For example, a heating element (e.g., a
rod or coil) may be inserted into the drain role to heat and artificially over age the metal of the
drain hole, optionally to further coarsen precipitates. The selective annealing advantageously
increases the plasticity and/or ductility of metal around the drain holes and/or induces the growth
of surface oxide. Each of these increases the life span of bottom block.
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Anodizing
In some embodiments, an optional anodizing step can be performed following the
forming or following the optional annealing step. The optional anodizing steps forms a surface
oxide that may increase the life span of the bottom block.
Pretreatment or Coating
In some cases, an optional pretreatment (e.g., a pretreatment composition) or coating may
be applied to a surface of the bottom block. The pretreatment or coating may further increase the
life span of the bottom block. The pretreatment or coating may reduce the thermal conductivity
of the bottom block.
Direct Chill Casting Systems
Further described herein is a direct chill casting system. As noted above, direct chill
casting is a process of depositing molten metal in a mold to create a metal ingot. Because the
alloy compositions described herein exhibit good resistance to thermal stress (e.g., temperature
cycling between room temperature and elevated temperatures) and mechanical stress (e.g., creep
and/or thermomechanical fatigue) and good ductility, the alloy composition are particularly
suitable for use in direct chill casting systems, e.g., as the bottom block and/or the mold. Some
embodiments of the present disclosure provide direct chill casting systems wherein the bottom
block is formed from an alloy composition described herein.
The below figure depicts a system 100 for direct chill casting.

33
Published by Technical Disclosure Commons, 2022

34

Defensive Publications Series, Art. 4860 [2022]

System 100 includes a mold 102, a movable bottom block 104, an actuator 106, and a
cooling structure 108. System 100 also includes molten metal supply 120, feed nozzle 124, and a
metal level sensor 126. The figure shows forming ingot 110, with solidified metal 112, sump
boundary 114, and sump 116.
The mold 102 may receive molten metal 122 into one or more mold openings. The
molten metal 122 may be contained and formed into a shape by the mold 102 as the molten metal
122 cools and solidifies. In various embodiments, the mold 102 may be rectangular with four
side walls, although other shapes and/or numbers of side walls may be utilized. The mold 102
may include an open top for receiving the molten metal 122. On an opposite end, the mold 102
can include an open bottom through which solidified metal of the ingot 110 may exit and be
lowered by the bottom block 104.
The mold 102 may aid in the cooling of the molten metal 122 in either or both of the first
and second cooling stages. For example, the mold 102 can be water-cooled. In embodiments, the
mold 102 may be cooled by one or more of air, glycerol, ethylene, oil or any suitable cooling
medium. The mold 102 may have outlets 103 which serve as a source for coolant 109 that is
34
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applied by cooling structure 108. The mold 102 may control one, two, three, four, or more
different outlets for directing coolant 109 onto the ingot in either or both of the first and second
cooling stages. The outlets 103 may be connected to structures aside from cooling structure 108
such as a coolant source or to openly direct coolant 109 onto the forming ingot without passing
through cooling structure 108. The outlets 103 may be operable by a computer or otherwise to
direct coolant 109 out of particular outlets as the coolant passes through the mold 102.
The bottom block 104 may start with an initial position inside the mold 102, as shown in
the below figure.

The bottom block 104 is preferably formed from an alloy composition according to the
present disclosure. The bottom block 104 supports the ingot 110 as it forms and provides a
platform upon which a base of the ingot 110 forms. The bottom block 104 carries the ingot 110
through the opening in the mold 102 as it forms and solidifies. The actuator 106 is associated
with the bottom block 104, and lowers the bottom block 104 to allow the forming ingot 110 to
exit the mold 102. The actuator 106 moves the bottom block 104 along the direction 132. In
embodiments, the actuator 106 may be a telescoping hydraulic table. In other embodiments, the
actuator 106 may be a hydraulic rod or any other manner of actuating the bottom block 104
along direction 132.
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The molten metal supply 120 is positioned adjacent to the mold 102 and can provide
molten metal 122 to the mold 102. The molten metal supply 120 can include suitable structure
for dispensing the molten metal 122 into the mold 102, such as the feed nozzle 124 shown in
FIG. 1A. In embodiments, the molten metal supply 120 may be fed into the mold 102 by a
launder, feed tube, or any suitable structure for dispensing the molten metal 122 into the mold
102. In various embodiments, the molten metal supply 120 may be positioned above the mold
102 and deposit the molten metal 122 into the mold 102 (e.g., into an open space defined by the
mold 102) from one or more openings. The molten metal supply 120 can be any size and shape
suitable for containing and dispensing the molten metal 122. As shown in FIGS. 1A and 1B, the
feed nozzle 124 can have a rectangular shape with a U-shaped channel for containing molten
metal 122 and be connected to a feed tube that is generally cylindrical, although other shapes
and/or profiles may be utilized. In embodiments, the molten metal supply 120 may regulate the
flow of the molten metal 122 by a valve, a stop, control pin, funnel, or otherwise.
The metal level sensor 126 may detect the level of metal within the mold 102. The metal
level sensor 126 may be capable of detecting a level of molten or solidified metal. Non-limiting
options for the metal level sensor 126 may include a float and transducer, a laser sensor, or
another type of fixed or movable fluid level sensor having desired properties for accommodating
or detecting a level of molten metal relative to the mold. The metal level sensor 126 may provide
feedback to the molten metal supply 120 to regulate the flow of molten metal 122.
The ingot 110 may be formed from any metal or combination of metals capable of being
heated to a melting temperature. In a non-limiting example, the metal used in the ingot 110
includes aluminum or aluminum alloys. Additionally or alternatively, the metal used to form the
ingot 110 can also include iron, magnesium, or a combination of metals and metallic alloys. In
some cases, the metal used to form the ingot is an alloy composition as described above.
The ingot 110 can be formed as molten metal 122 cools and solidifies. For example, prior
to depositing molten metal 122 in the mold 102, the bottom block 104 may be lifted to meet the
mold 102. In alternative embodiments, the bottom block 104 may start within the mold 102.
Molten metal 122 is deposited into the mold 102 and begins to cool, forming sump boundary
114. As molten metal 122 forms solidified metal 112, the bottom block 104 can continue to
lower, continuously lengthening the solidified metal 112. The additional molten metal that flows
in forms the sump 116. As the ingot 110 lengthens, the sump 116 has a dynamically changing
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sump boundary 114, which shifts to differing lengths. Once the sump 116 reaches its desired
depth, the cast has entered steady state.
The cooling structure 108 has a conduit to connect to an outlet 103 of the mold 102,
through which the coolant 109 may pass. The coolant 109 may be any of the aforementioned
coolants. While FIGs. 1A and 1B depict a shared coolant between the mold 102 and the cooling
structure 108, the mold 102 and the cooling structure 108 may use a separate coolant source.
EXAMPLES
Example 1: Exemplary Alloy Compositions and Bottom Blocks
As noted above, a bottom block is exposed thermal and mechanical stress during direct
chill casting, each of which can greatly damage the bottom block. The alloy compositions
described herein are able to withstand these and other stresses. This example serves to illustrate
the improved properties of the alloy composition.
Several samples of alloy compositions were prepared according to the present disclosure.
Each sample comprises aluminum as the primary metal. The alloying elements combined with
aluminum in each sample is shown in Table 2, wherein the content of each component is listed as
a weight percentage unless otherwise noted.
Table 2
# Si Fe Cu
A 0.61 0.61 0.3

Mn Mg Cr
0.03

0.77

0.18

0.002

0.01

0.008

Ni

Na

B 0.61

0.6

0.3

0.03

0.84

0.18

0.003

0.02

0.01

C 0.61

0.6

0.3

0.03

0.84

0.18

0.003

0.02

0.08

0.6

0.56

0.28

0.03

0.8

0.16

0.002

0.02

0.08

0.3
ppm
0.3
ppm
0

E 0.61

0.6

0.3

0.03

0.84

0.18

0.003

0.02

0.01

F 0.61

0.6

0.3

0.03

0.84

0.18

0.003

0.02

0.08

D

Zn

Ti

0

0.3
ppm
0.3
ppm

Ca

2
ppm
1
ppm
1
ppm
1
ppm
1
ppm
1
ppm

B

1
ppm
0.002

0.11

Zr

0.01

V

Sc

0.14

0.01

-

0.002

0.12

0.01

-

2
ppm
0.002

0.14

0.01

-

0.09

0.01

0.11

0.002

0.09

0.01

0.11

-

Several samples were prepared for further testing using the alloy compositions described
in Table 2. Each ingot was cast by a direct chill casting process using a 600 mm x 1750 mm
VLHC mold as 5000 mm long. The cast ingot was sawn to four 83”x34”x18” blocks, which were
heat treated (as detailed below). After heat treatment, the blocks were machined to 31” x 78.4” x
15” bottom blocks.
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Each sample was subject to a different heat treatment process, each of which included a
first heating step, whereby the cast ingot was heated at a specified rate to a first temperature and
soaked at the first temperature. The heat treatment process further comprised a second heating
step, whereby the cast ingot was heated at a specified rate to a second temperature and soaked at
the second temperature. For some samples, the heat treatment process included a third heating
step, whereby the cast ingot was heated at a specified rate to a third temperature and soaked at
the third temperature. After heating, the ingot was cooled by water quenching or furnace air
cooling. The heat treatment process used for each sample is shown in Table 3.
Table 3
Sample

Alloy Comp.

1
2
3
4
5
6

A
A
A
D
D
D

Sample

Alloy Comp.

1
2
3
4
5
6

A
A
A
D
D
D

Sample

Alloy Comp.

1
2
3
4
5
6

A
A
A
D
D
D

First Heating Step

Ramp Rate Temperature
50 °C/hr
430 °C
50 °C/hr
430 °C
50 °C/hr
550 °C
50 °C/hr
430 °C
50 °C/hr
430 °C
50 °C/hr
550 °C

Soak Time
8 hours
8 hours
6 hours
8 hours
8 hours
6 hours

Second Heating Step

Ramp Rate Temperature
50 °C/hr
550 °C
50 °C/hr
550 °C
50 °C/hr
200 °C
50 °C/hr
550 °C
50 °C/hr
550 °C
50 °C/hr
200 °C

Soak Time
4 hours
4 hours
8 hours
4 hours
4 hours
8 hours

Third Heating Step

Ramp Rate Temperature
50 °C/hr
200 °C
50 °C/hr
200 °C
–
–
50 °C/hr
200 °C
50 °C/hr
200 °C
–
–

Soak Time
8 hours
8 hours
–
8 hours
8 hours
–

Cool to RT?
No
No
Air cool
No
No
Air cool
Cool to RT?
Water quench
Air cool
Air cool
Water quench
Air cool
Air cool
Cool to RT?
Air cool
Air cool
–
Air cool
Air cool
–

Example 2: Thermodynamic Phase Calculation
Thermodynamic phase calculation were carried out for several of the above samples. For
Alloy Composition A, thermodynamic phase calculation under non-equilibrium solidification
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conditions predicts Al3Fe, α-AlFeSi, β-AlFeSi, Mg2Si, Si, π-Al8FeMg3Si6, Al3Zr and
Al5Cu2Mg8Si6 forming from liquid in addition to primary aluminum. Results of this calculation
are shown in the below figure.

For Alloy Composition A, thermodynamic phase calculation under equilibrium
solidification conditions predicts only Al3Fe, α-AlFeSi, and Al3Zr forming from liquid in
addition to primary aluminum. Furthermore, the calculation shows that both Al3Fe and Al3Zr
dissolve above the solidus temperature during cooling. Results of this calculation are shown in
the below figure.
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For Alloy Composition D, thermodynamic phase calculation under non-equilibrium
solidification conditions predicts Al3Fe, α-AlFeSi, β-AlFeSi, Mg2Si, Si, π-Al8FeMg3Si6,
Al3Zr, Al5Cu2Mg8Si6, Al9Ni2, and Al3Ni2 forming from liquid in addition to primary
aluminum. Results of this calculation are shown in the below figure.

For Alloy Composition D, the thermodynamic phase calculation under equilibrium
solidification conditions predicts Al3Fe, α-AlFeSi, β-AlFeSi, Mg2Si, Si, π-Al8FeMg3Si6,
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Al3Zr, Al5Cu2Mg8Si6, and Al9Ni2 forming from liquid in addition to primary aluminum.
Results of this calculation are shown in the below figure.

Example 3: X-Ray Powder Diffraction
X-ray powder diffraction (XRD) was carried out for Sample 1. In particular, XRD was
carried out under three different conditions: (a) as-cast prior to heat treating, (b) after 3 hours of
heating in the second heating step (water quenched before analysis), and (c) after 6 hours of
heating in the second heating step (water quenched before analysis). Particles were extracted,
filtered, and analyzed by XRD to quantify the phase percentage. The XRD patterns of Sample 1
under the three different conditions are shown in the below figure.
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Under all three conditions, the XRD pattern of Sample 1 shows the presence of Mg2Si
and α-AlFeSi as well as the absence of Mg2Si. This suggests that α-AlFeSi is the predominant
phase in Sample 1 both as-cast and after heat treating (e.g., homogenization). This further
suggests that the transformation from β-AlFeSi to α-AlFeSi is not required. The XRD analysis
further confirms the presence of Zr-containing phase after heat treatments.
Example 4: Heaving
To assess the impact of the alloy composition and the heat treatment on heaving, bottom
blocks shaped from Samples 1-3 were evaluated for height deviation and compared to a
conventional bottom block shaped from AA 6111.
The four bottom blocks (the conventional AA 6111 bottom block and the bottom blocks
shaped from Samples 1-3) were loaded to a casting table. All bottom blocks were attached in
parallel to one hydraulic actuator of the casting table, such that the bottom blocks moved in
parallel when the actuator moved down during DC casting. The positions of the bottom blocks
on the casting were periodically rotated to ensure that all bottom blocks experience similar
exposure.
A total of 536 ingots were cast on each bottom block (equivalent to 9 metric kilotons of
metal). The testing was stopped because the conventional bottom block had become unusable
due to the formation of cracks as well as dimension change. Prior to the completion of testing,
the conventional bottom block deflected severely after casting 3.2 metric kilotons of metal,
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which required operators to hammer the bottom block to return it to a dimension that could
engage with the mold at the start of an ingot cast.
FIGs. 7A-D illustrate the impact of heaving on each sample. FIG 7A illustrates the degree
of deviation in the height (heaving) on the surface of a conventional bottom block shaped from
AA 6111.

FIG. 7B illustrates the degree of deviation in the height (heaving) on the surface of a
bottom block shaped from Sample 1.

FIG. 7C illustrates the degree of deviation in the height (heaving) on the surface of a
bottom block shaped from Sample 2.
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FIG. 7D illustrates the degree of deviation in the height (heaving) on the surface of a
bottom block shaped from Sample 3. As FIGs 7A-D demonstrate, each of Samples 1-3 exhibited
reduced heaving as compared to the conventional bottom block. Sample 1, in particular,
produced the least heaving but exhibited relatively low ductility.

From these results, it appears that the water quench during the heat treatment of Sample 1
results in a bottom block having relative increased strength but lower ductility to failure. The
heat treatments of Samples 2 and 3, meanwhile, produce a bottom block with high plasticity
(high toughness), which is more resistant to the formation of cracks (e.g., on the bottom block
center surface or at drain holes).
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Example 5: Optical Microscopy
Grain size and particle size analysis was conducted using Barker’s reagent and polarized
optical microscopy. FIGs 8A-C illustrate the dendritic grains visualized by the optical
microscopy. FIG. 8A illustrates the grains of Sample 4.

FIG. 8B illustrates the grains of Sample 5.

45
Published by Technical Disclosure Commons, 2022

46

Defensive Publications Series, Art. 4860 [2022]

FIG. 8C illustrates the grains of Sample 6.

Dendritic grains were visible in each of Sample 4-6. The grain size and dendritic arm
spacing (DAS) of the samples is shown in Table 4.
Table 4
Sample
4
5
6

Average Grain Size (μm) DAS (μm)
401.85
52.20
401.85
47.40
347.10
49.10

The coarsening of the DAS in Samples 4-6 is attributed to the heat treatment.
Example 6: Mechanical Testing
Samples 4-6 were selected for further mechanical testing. Each sample was subjected to a
tensile test according to ASTM E21-17e1. Each sample was tested at various temperatures and
allowed to soak for 30 minutes at the test temperature before assessment. The tensile test method
assessed the 0.2% offset yield strength, ultimate tensile strength (UTS), elongation, and
reduction of area of each sample. From these tests, the modulus of elasticity and the ratio of UTS
to yield strength was calculated. Results are shown in Table 5.

46
https://www.tdcommons.org/dpubs_series/4860

47

Sundaram: Bottom Block For Direct Chill Casting

Table 5
Sample

4

5

6

Test
Temp.
(°C)
20
200
300
400
20
200
300
400
20
200
300
400

Yield
Strength
(ksi)
44.9
35.9
16.1
5.6
9.3
8.9
4.8
3.1
9.6
8.9
4.2
2.9

UTS Elongation
(ksi)
48.3
37.5
16.9
6.2
20.2
14.3
7.3
3.9
20.4
14.6
7.3
3.9

(%)
2.9
5.7
18
39
20.3
41.3
66.3
64
19.7
39.3
63.7
68.3

Reduction
of Area
(%)
5.0
10.2
62.3
88.5
31
58
85.5
95.2
32
39.3
89.2
95.3

Modulus

UTS/Yield
Strength

9.9
8.9
7.2
7
8.0
9.0
2.8
2.6
9.0
9.2
3.8
3

1.07
1.04
1.04
1.10
2.17
1.60
1.52
1.25
2.12
1.64
1.48
1.34

For each of Samples 4-6, yield strength and ultimate tensile strength decreased and
elongation increased as the test temperature increased. Sample 4 demonstrated, in particular,
high yield strength and ultimate tensile strength. Samples 5 and 6 demonstrated, in particular,
high elongation and high toughness. As such, a bottom block prepared according to Sample 4 (in
terms of composition and heat treatment) would be expected to exhibit less deformation (e.g.,
heaving). Meanwhile, bottom block prepared according to Sample 5 or Sample 6 (in terms of
composition and heat treatment) would be expected to exhibit reduced or no cracking (e.g., near
drain holes). In either case, a bottom block prepared according to any of Sample 4-6 would
exhibit an improved life cycle relative to a conventional bottom block.
Samples 4-6 were also evaluated subjected to a creep test according to ASTM E139.
Each sample was tested at various temperatures. Because a bottom block temperature may reach
temperatures as high as 350-410 °C during DC casting, the creep test was performed at elevated
temperatures. Results are shown in Table 6.
Table 6
Sample
4
5

Temp.
(°C)
200
300
400
200
300

Time (hrs) to Creep of
0.1% 0.2% 0.5%
1%
2%

5%

–
–
–
–
–
–
5.18 17.44 92.07 255.59 603.13 1156.91
13.79 38.56 145.1 353.37 673.06 1239.35
152.5 341.2 673.3 840.6 957.31 1044.67
0.39 0.98 3.76 10.01 23.22
47.92

Rupture/
Run
–
1530.91
1609.98
1072.72
65.52

Tot. Creep
Strain (%)
–
16.27
14.9
9.49
13.97
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Sample

Temp.
(°C)
400
200
300
400

6

Time (hrs) to Creep of
0.1% 0.2% 0.5%
1%
2%
0.64
1.03
0.13
0.28

3.46
2.09
0.38
0.53

14.89
5.21
1.63
1.17

38.7
9.57
3.87
2.12

79.81
14.98
7.24
3.7

5%

128.93
21.37
12.54
5.9

Rupture/
Run
157.14
24.87
17.26
8.17

Tot. Creep
Strain (%)
13.48
14.12
22.18
13.38

For each of Samples 4-6, creep resistance is proportional to the time taken to rupture.
Sample 4, across all temperatures and loads, demonstrated high creep resistance. At both 200 °C
and 300 °C, Sample 6 demonstrated high creep resistance as compared to Sample 5. At 400 °C,
however, Sample 5 demonstrated high creep resistance as compared to Sample 6.
Samples 4-6 were also evaluated subjected to a strain-controlled fatigue test according to
ASTM E606-19. To assess whether a drain hole in a bottom block would fatigue as a result of
bottom block deflection induced by variation in temperature and load, a constant strain range
fatigue test was performed. Results are shown in Table 7.
Table 7
Elasticity at RT (msi)
10.7
10.0
10.2

Sample
4
5
6
Sample

Cycle

4
5
6

1
1
1

Sample
4
5
6

NI Cycles
–
703.5
630.5

Selected Cycle: Near Start
Elast. (msi)
Max. Stress Min. Stress
(ksi)
(ksi)
10.0
46.7
-49.0
8.9
13.3
-14.2
9.0
12.7
-14.6

Selected Cycle: Middle Cycle to Failure
Cycle Strn. Elast. Max. Min.
Strn. Elastic Strn.
Ratio (msi) Stress Stress Range Range (%)
(ksi)
(ksi)
(%)
15
-1.0
9.5
47.5
-49.4
1.6
1.0
350
-1.0
8.5
17.4
-17.9
1.6
0.4
300
-1.0
8.3
17.0
-17.6
1.6
0.4

NF Cycles
38.0
768.0
668.5
Strn. Range (%)
1.6
1.6
1.6
Plastic Strn.
Range (%)
0.6
1.2
1.2

Sample 4 demonstrated a high maximum strength relative to Sample 5 and 6. In
particular, the maximums strength of Sample 4 was nearly 3 times that of Sample 5 and 6 at late
cycles. Samples 5 and 6, however, demonstrated a much higher (nearly 18 times) fatigue life
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relative to Sample 4. In particular, Sample 4 exhibited high elastic strain, while Samples 5 and 6
exhibited high plastic strain. In general, there was no significant difference between Samples 5
and 6.
The alloy composition of Sample 4 has more fine precipitates, which allows the piled
dislocation to easily break the fine precipitates and reduce the work hardening rate. In the alloy
compositions of Samples 5 and 6, meanwhile, the moving dislocation forms loop on the coarse
precipitate, resulting in an increase in the work hardening rate
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